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KEYNOTE  TALK 


THE  DYNAMIC  CENTURY 


D.  Zonar* 

Air  Force  Flight  Dynasties  Laboratory 
Wrlght-Patterson  Air  Force  Base,  Ohio 


Webster  refers  to  the  word  dynaaic, 
derived  fro*  the  Creek  word  dynaalkos.  as  an 
adjective  characterizing  a  number  of  envlron- 
■tntal  aspects  which  affect  our  lives.  In 
physics,  li  pertains  to  power  or  physical 
forces  producing  notion.  Similarly,  it  can 
pertain  to  change  of  process  as  a  manifestation 
of  energy.  In  economics,  it  has  to  dc  with 
the  disturbance  of  economic  equilibrium  force, 
and  is  independent  of  whether  such  change  has 
occurred  by  the  sudden  introduction  of  excep¬ 
tional  conditions  or  through  progressive  change 
in  the  standards  and  habits  of  people.  In  the 
fine  arts,  dynamics  Involves  the  effect  of 
notion  or  progression.  In  medicine,  it  per¬ 
tains  to  cell  changes,  physical  make-up,  the 
mind  and  associated  thinking.  In  nusic,  it 
involves  sound  variation  and  contrasts  in  loud¬ 
ness  or  ponsr  in  tones. 

The  aforementioned  disciplines  or  areas  of 
personal  involvement ,  to  mention  a  few,  are 
indeed  undergoing  dynamic  change.  As  hunens 
we  are  deeply  tmneroed  in  this  dynamic  environ¬ 
ment.  The  early  morning  slant  is  perhaps  the 
most  fundamental  of  acoustic  excitations,  for 
not  only  decs  it  provide  for  a  kind  of  awaken¬ 
ing,  but  it  also  alerts  us  to  aa  environment 
that  is  continually  changing.  Environmental 
change  is  certainly,  and  for  the  most  part,  a 
manifestation  of  people  attempting  to  achieve 
some  goal,  by  necessity,  this  involves  the 
expenditure  of  power  or  energy  to  achieve 
such  an  end. 

The  nationwide  unteat  on  our  campuses  la 
certainly  a  dyannlc  situation.  The  mere 
mention  of  youth  and  camp  an  unrest  brings  to 
niad  education,  learning  and  the  ultimate 
utilisation  of  such  knowledge.  Knowledge 
transforms  the  unheouw  into  the  uncertain. 
However,  fear  dwells  within  the  uncertain  sad, 
hence,  we  ere  driven  to  Identify  recognisable 


factors  and  uncover  the  shroud  of  uncertainty. 
The  engineer  and  scientist  have  always  been  an 
inquisitive,  searching  and  progressive  type  of 
Individual.  His  goals  are  to  solve  problems, 
generate  a  technical  base  for  new  developments 
and  to  create.  Creativity  is  Itself  very 
illusive  and  difficult  to  develop.  Creativity 
•emetines  results  from  an  Interdisciplinary 
approach  such  as  experienced  from  the  inter¬ 
section  of  two  different  technical  planes. 

Such  an  interdisciplinary  approach  requires  a 
communication  network  which  is  unfailing  in 
providing  the  proper  assumptions,  facts  and 
understanding.  The  germination  of  such 
creativity  results  in  continual  exchange  of 
information,  development  of  ideas  and,  finally, 
the  emergence  of  a  "spike"  in  the  dynamic 
spectrum  which  exemplifies  the  created. 

the  technical  stature  of  this  country  is 
e  tribute  to  the  scientist  and  engineer  in  his 
loyal  and  aggressive  desire  to  create  a  better 
civilisation.  We  are  but  70T  of  the  way 
through  this  dynamic  century  and,  already, 
many  advances  have  taken  piece  which  from  an 
equivalent  standpoint  have  taken  thousands  of 
years  to  achieve  in  the  past.  Who  would  have 
thought  in  the  year  1990  that  flight  would 
have  occurred  in  1903?  Isn't  it  ironic  that 
Wilbur  Wright,  in  conjunction  with  his  brother 
and  after  very  successful  glider  flights  at 
Kitty  Hsvk  in  1901,  declared  his  belief  that 
nan  would  not  fly  within  a  thousand  years.  And 
yet,  in  e  short  66  years,  or  the  equivalent  of 
less  than  the  average  nan’s  lifetlne,  we  have 
landed  on  the  moon.  Magnificent  achievements 
such  as  these  can  only  result  from  a  coamit- 
nent  to  achieve  a  certain  goal  through  the 
unique  resourcefulness  contained  within  sum. 
More  specifically,  this  success  Bust  be 
characterised  by  sum's  Intellectual  xesources 
and  his  highly  geared  motivation  to  succeed, 
bearlv  ell  of  our  technology  gains  and  forward 
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■steps  have  been  the  result  of  scientific 
brainpower  ami  the  always  needed  financial 
support.  Having  made  man  knowledgeable  and 
properly  outfitted  him  with  material  resources, 
he  sets  out  to  accomplish  the  seemingly 
impossible.  Many  times  he  reverts  to  increased 
power  and  energy  techniques.  This  power 
expenditure  is,  by  thermodynamic  laws,  not 
100%  efficient,  and  coupled  with  population 
increase,  it  results  in  a  numbei  of  talked 
about  phenomena  such  as  air,  noise,  and  water 
pollution.  Looking  at  the  manifestations  of 
energy,  one  can  certainly  think  of  it  as  a 
forcing  function.  Intediately,  the  scientist 
and  engineer  cannot  help  but  relate  to  response 
characteristics.  As  a  result,  we  are  experi¬ 
encing  many  dynamic  phenomena  during  this 
century  which  are  of  primary  importance. 
Increasing  requirements  of  our  military  and 
comner leal  aviation  over  the  past  20  years 
has  necessitated  tine  development  of  larger  air¬ 
craft.  Hence,  greater  and  more  powerful 
engines  have  been  required  to  propel  such  air¬ 
craft  to  transonic  and  even  supersonic  speeds. 
Consequently,  noise  pollution  is  becoming  a 
thorn  in  th?  world’s  side.  This  problem  has 
been  evolving  for  many  years  with  only  a  very 
limited  amount  of  research  to  complement  the 
technical  develcpments. 

Over  and  above  being  an  annoyance  to  our 
senses.  Intense  noise  has  degraded  the 
structural-material  properties  of  our  flight 
vehicles  with  maaerous  and  extensive  failures. 

In  the  area  of  structural  dynamics,  we  find 
fracture  mechanics  looming  as  a  spectrum 
*  spike"  for  investigation.  This  area  takes  on 
added  complexity  when  one  considers  the  vibra¬ 
tory  and  shock  aspects  imposed  upon  an 
arbitrary  structure.  In  another  area,  the 
dynamics  of  airflow  systems  as  experienced  in 
inlet-engine  compatibility  has  reflected 
adversely  upon  the  fl.jht  characteristics  of 
some  of  our  aircraft.  In  the  past,  inlet 
steady-state  distortion  resulting  from  both 
external  and  internal  flow  conditions  has  been 
one  of  the  primary  causes  of  propulsion 
instability.  However,  with  the  advent  of  super¬ 
sonic  flight,  the  unsteady  nature  of  inlet 
flows  has  had  a  profound  effect  in  reducing 
the  engine  operational  stability  margin  and 
consequently  causing. compressor  stalls.  The 
primary  source  of  these  Inlet  flow  pulsations 
or  fluctuations  has  been  identified  as  shock¬ 
boundary  layer  Interactions  and  airflow 
separations.  These  fluctuations  are  generally 
random  in  both  time  end  space  and  are  often 
referred  to  as  "turbuxence".  "Turbulence” 
exhibits  a  large  range  of  amplitude-frequency 
content.  Future  couplings  between  inlet  and 
engines  must  account  for  the  dynamic  or  the 
time  dependent  characteristics  of  the  ducted 
flew.  Another  problem  area  involves  the 
flight  of  aircraft  and  missiles  in  the  tran¬ 
sonic  flight  regime.  Today  we  are  at  the 
development  threshold  of  new  air  superiority 
fighters,  new  commercial  aircraft  which  will 
cruise  at  slightly  above  the  speed  of  sound. 


Here  again,  shuck  boundary  layer  interactions 
and  flow  separation  are  considered  to  be  the 
driving  potential  for  excitation  of  the  flight 
structure.  Present  day  aircraft  can  experience 
buffeting  in  this  speed  regime  while  flying  in 
the  cruise  attitude.  Increasing  the  angle-of- 
attack  normally  increases  the  buffet  intensity. 
With  further  increases  in  angle-of-attack,  we 
normally  experience  flight  control  Instabilities 
such  as  wing  rock,  pitch  up  or  pitch  down.  The 
combinations  of  buffet  excitation  and  Iobs  of 
stability  and  control  can  result  in  very  severe 
vibration  bordering  on  aircraft  destruction. 

Such  conditions  require  an  interdisciplinary 
treatment  of  the  problem  with  due  consideration 
for  vehicle  dynamics,  structures,  aerodynamics, 
stability  .and  control,  and  propuls.'ve  influ¬ 
ences.  One  can  go  on  and  on  enumerating  aero¬ 
nautical  phenomena  Involving  a  dynamic  environ¬ 
ment,  however,  time  is  of  an  essence. 

Vibration  and  shock  engineers  and 
scientists  have  always  recognized  that  most 
phenomena  in  nature  are  dynamic,  and  that  a 
dynamic  approach,  while  difficult  and  some¬ 
times  burdensome,  is  the  best  way  to  unravel 
the  complexity  of  the  environment  which  affects 
all  vehicles.  A  recent  Air  Force  program, 
referred  to  as  Project  LAMS  (Load  Alleviation 
and  Modal  Suppression),  has  brought  into  focus 
the  possibility  of  controlling  the  flight 
vehicle  structure  such  that  it  automatically 
reacts  to  disturbances  or  gusts  in  th«  envir  >n~ 
aert.  This  prograr-  makes  use  of  accelerometers 
located  at  strategic  points  on  the  airplane 
wing  to  aense  gust  disturbances  which  in  turn 
activate  a  circuit  that  causes  a  control 
surface  to  immediately  deflect  in  the  direction 
of  strongly  damping  the  notion.  In  a  practical 
sense,  this  eliminates  the  dynamic  stresses  in 
the  structure  due  to  sudden  accelerations.  The 
effect  of  such  a  system  in  improving  the 
fatigue  life,  ride  quality,  and  controlling  the 
flutter  modes  of  the  aircraft  is  immediately 
apparent,  by  necessity  such  a  system  is 
composed  of  sunsc-rs,  electronic  circuits, 
control  surfaces  ami  actuators  and  must  be 
perfectly  reliable,  lo  push  the  reliability 
of  this  overall  eysttfc  to  the  loliy  peak  that 
is  required,  redundancy  Is  Invoked -in  design. 
This  redundancy  la  effective  only  if  mal¬ 
functions  in  the  redundant  arms  of  tie-  system 
ore  un'orrelatcu,  out  vibration  and  siuck  can 
affect  the  whole  aircraft  ond  may  provide 
highly  correlated  excitations  that  tend  to 
degrade  simultaneously  all  the  redunda  *.  ayas. 
Other  environments  that  may  do  this  are  ionizing 
radiation  and  lightning  but  vibration  and  noise 
are  perhaps  the  most  pervasive  and  continuous, 
and  hence,  most  important  to  guard  againsto 
Thus,  the  problem  of  operational  reliability 
becomes  as  extensive  as  tne  degree  of  design 
redundancy. 

Thirty  percent  of  this  dynamic  century 
still  remains  and  it  is  my  personal  conviction 
that  we  will  continue  to  make  technological 
progress  by  leaps  and  bounds  even  with 
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constrained  resources  and  support.  A  number 
of  new  challenges  race  us  which  will  spur 
scientists  and  engineers  on  to  greater  heights. 
The  are£  of  composites  as  a  new  structural 
material  will  provide  a  new  dimension  for  our 
future  flight  vehicles.  As  much  as  50Z 
vehicle  structural  weight  savings  will  be 
possible  and  still  have  a  greater  fatigue 
tolerant  article.  In  addition,  the  anisotronic 
properties  will  afford  new  approaches  to 
increased  vehicle  performance  through  aero- 
elasticity.  Lifting  reentry  will  someday 
become  a  way  of  life  with  its  attendant  cross¬ 
range  capability.  Boost  glide  transportation 
with  partial  centrifugal  lift  could  possibly 
become  a  mode  of  international  travel.  Hyper¬ 
sonic  cruise  vehicles  could  also  play  an 
important  role  in  transportation  and  at  the 
sasie  time  contribute  to  a  very  low  sonic  boom. 
Film  cooling  techniques  of  our  turbine  blades 
in  advanced  propulsion  engines  will  play  an 
important  role  in  providing  added  thrust  and 
increased  thermal  efficiency.  Pre-cooled  inlet 
airflow  systems  could  become  an  advanced 
propulsive  concept  which  would  increase  the 
mass  flow  due  to  Increased  density  and  also 
afford  the  opportunity  for  increased  after¬ 
burner  operation.  Air  cushion  landing  systems 
are  a  strong  possibility.  While  the  blowing 
characteristics  of  the  on-board  compressor 
system  for  this  device  is  used  for  landing  and 
take-off  requirements,  the  suction  capability 
of  the  same  compressor  system  could  be 
utilized  for  laminar  flow  control  of  the  air¬ 
craft  turbulent  boundary  layer  during  cruise 
flight.  In  addition,  supersonic  comprt  .or 
and  supersonic  turbine  developments  are 
definitely  on  the  horizon.  Although  many  of 
these  devices  may  not  come  to  full  ftuition 
during  this  century,  I*m  quite  certain  that 
adequate  research  and  development  will  be 
accomplished  to  enable  system  development. 

Designs  for  the  development  of  ocean, 
ground,  continuum  flight  and  space  vehicle 
of  unprecedented  size,  weight,  "ophistication 
and  performance  are  being  conceived  for  vehicle 
development  In  the  remaining  portion  of  this 
century.  The  rapid  NASA,  Army,  Navy,  and  Air 
Force  advances  made  over  the  past  30  years  has 
brought  into  clear  focus  the  need  for  extensive 
component  and  integral  experimental  treatment 
of  the  fundamentals  Involving  shock  and  vibra¬ 
tion.  The  purpose  of  this  symposium  is  to 
survey  a  number  of  the  more  important  aspects 
relating  to  these  phenomena  and  thereby  pro¬ 
vide  the  underlying  basic  sciences  involved. 
This  research  and  development  must  remain  a 
viable  program  within  our  country  in  order 
to  maintain  our  technical  superiority  In  all 
fields.  As  in  the  past,  dynamic  problems  will 
arise  and  require  your  diligent  and  uncompro¬ 
mising  attention  through  existing  and  new 
testing  and  simulation  techniques.  The 
importance  of  effective  vibration  and  shock 
engineering  is  thus  very  apparent .  1  have  a 

strong  conviction  that  you  ladies  and  gentlemen 
in  the  future  may  well  control  even  more  than 
now,  the  pacing  element  in  design  progress  and 
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PHYSIOLOGICAL  EFFECTS 


TESTING  AND  MODELING  STANDING 
MAN'S  KES POSSE  TO  IKRACT 


Joseph  Gesevcir.  an  I  Paul  Corrao,  M.D. 
Naval  Ship  Research  awl  Development  Center 
Washington.  D.C. 


Volunteers  were  dropped  from  heignts  of  two  to  nine 
inches  to  land  stiff-legged  onto  a  rigid  force  gage. 

A  linear  relationship  was  found  to  exist  between  the 
logarithms  of  the  peak  force  developed  and  the  kinetic 
energy  at  impact.  A  mathematical  me cel  was  then  devel¬ 
oped  to  reproduce  this  relationship  and  to  adhere  to 
the  general  shape  of  subject's  force-tlmc  response. 


EJTBODUCTIOti 

Ship  shock  caused  by  underwater  explosions 
results  in  violent  desk  motions  which  lead  to  a 
force  buildup  in  the  body  of  anyone  on  the  decks. 
Injury  to  standing  men  will  occur  when  the  force 
exceeds  the  fracture  strength  of  leg  bones.  Just 
how  this  force  develops  in  the  body  in  response 
to  impact  seems  to  have  been  neglected  and  yet 
knowledge  of  body  response  is  equally  as  import¬ 
ant  to  protection  design  as  is  a  corresponding 
knowledge  of  input  deck  motions  and  the  proper¬ 
ties  of  protective  materials.  All  three  units 
constitute  a  system  in  which  each  component  must 
be  understood  before  overall  response  can  be 
effectively  predicted. 

This  paper  covers  the  measurement  of  force 
growth  when  three  volunteers  were  dropped  free 
various  heights  to  land  stiff-legged  onto  a  ferae 
game.  A  mathematical  model  was  then  developed 
which  would  reflect  the  force  response  of  the 
volunteers  and  yet  be  responsive  to  more  General 
acceleration  typical  cf  ship  decks.  As  a  esult 
cf_this  investigation,  injury  prediction  can  now 
be  made  based  ’upon  a  direct  comparison  between 
force  developed  in  the  human  body  and  force  re¬ 
quired  to  cause  bene  fracture. 


It  was  planned  initially  to  have  test  sub¬ 
jects  stand  cn  a  force  gage  mounted  to  a  machine 
capable  cf  producing  shock- like  deck  accelera¬ 
tions.  The  method  was  abandoned  after  some 
testing,  because  it  required  measurement  of  a 
variable  input  acceleration,  which  complicated 
analysis,  and.  in  addition,  catapulted  subjects 
into  the  air.  an  undesired  event. 

a  '..-ere  avoided  by  simply  dron¬ 


ing  subjects  from  a  known  height  onto  a  force 
gage.  By  so  doing,  each  subject  would  experi¬ 
ence  the  sane  impact  conditions,  that  is,  im¬ 
pact  at  a  given  velocity  with  a  rigid  surface, 
and  would  develop  a  force  solely  as  a  result  of 
internal  work  developed  in  dissipating  the  kin¬ 
etic  energy  acquired  during  the  drop. 

Drop  Tester 

It  seemed  important  to  the  comparison  of 
results  from  different  subjects  that  they  a.^.  be 
dropped  in  an  5  der.tical  manner.  To  do  this,  h 
test  device  was  built  by  which  a  man  could  be 
dropped  from  a  given  height  directly  onto  a 
force  gage.  The  device,  shown  in  figure  1,  con¬ 
sisted  of  two  basic  parts:  a  platform  to  support 
the  test  subject  and  a  guiding  arrangement  to 
assure  a  controlled  drop. 

The  guide  consisted  of  two  concentric  pipes 
which  differed  in  diameter  by  about  l/b  inch. 

The  inner  pipe  was  supported  vertically  at  both 
ends  wniie  the  cuter  was  free  so  slide  on  it. 
friction  was  minimal  because  cf  tr.e  loose  fit. 

The  platform,  which  -..-sc  assembled  from 
heavy  bar  stock  and  welded  to  the  outer  pipe, 
hud  a  plywood  cover  to  provide  a  level  floor  for 
a  subject  to  stand  upon.  The  two  plywood  sect¬ 
ions  which  supported  the  subject's  heels  were 
free  floating,  luring  a  -Lrop .  only  the  weight 
of  the  subject  and  these  two  small  pieces  of 
plywood  acted  on  tr.e  force  gage  positioned  be¬ 
low  the  tester;  the  rest  of  the  tester  dropped 
an  additional  half  inch  before  it  struck  the 
floor. 

The  height  positioning  and  release  mecha¬ 
nism  consisted  of  a  bar  with  a  moveable  flange. 
Am  the  start  of  a  test  the  flange  was  inserted 


These  burcer. 


under  the  platform  to  held  it  at  a  certain  dis¬ 
tance  "above  the  gage.  Accurate  drop  distances 
were  measured  after  a  subject  was  positioned  on 
the  tester,  A  quick  pull  on  the  bar  disengaged 
the  flange  releasing  the  tester. 


Fig.  1  Drop  Tester 

Subjects 

Three  volunteers  participated  throughout 
the  iapoct  response  prog-an.  All  three  were 
young  men  in  their  early  twenties.  Two  sen 
were  69  inches  tall,  the  third  72  inches;  Their 
individual  weights  were  close  to  those  for  the 
5,  50  and  95th  percentile  ran.  Each  ran  was 
tested  while  wearing  street  shoes  with  hard 
rubber  heels. 

Force  Gage 

The  gage  which  eventually  evolved  for  use 
in  the  drop  test  experiment  is  shown  in  Figure 
2.  It  measured  force  in  teres  cf  strain  induced 
in  four  cylindrical  posts,  each  l/2  inch  in  dia¬ 
meter  and  4$  inches  long.  Four  foil  strain 
gaget  were  mounted  circumferentially  on  each 
post.  All  gages  were  connected  in  two  opposite 
aras  of  a  wheats tone  bridge  circuit  to  measure 
total  force  exerted  on  the  gage. 

The  four  posts  were  fastened  in  the  center 
of  a  l/2  inch  thick  steel  base  plate,  gscoetri- 
c-ally  at  the  corners  cf  a  2  inch  by  7  inch  rec¬ 
tangle.  Initially,  two  gages  were  made,  one  for 
each  foot.  The  7  inch  post  spaaing  allowed  the 
heel  and  ball  of  one  foot  to  bear  down  on  a  pair 
of  posts.  The  top  of  each  post  was  hollowed 
slightly  to  held  a  l/k  inch,  ball  bearing  ir.  its 
center  and  so  to  aid  in  transmitting  a  pure 
axial  load  through  each  post.  A  sever  plate. 


nade  free  1/4  inch  thick  aluminum,  rested  on  the 
ball  bearings.  During  the  upward  acceleration 
tests,  a  subject's  foot  rested  00  the  cover  plate. 


Fig.  i:  Force  Gage 

In  the  drop  tests,  however,  the  gage  was 
modified  by  adding  a  pair  of  1  inch  square  bars 
placed  on  the  cover  plate  directly  over  the 
posts.  A  top  plate  of  l/2  inch  steel  rested  on 
these  bars.  This  arrangement  —Tensated  for 
slightly  inaccurate  drops  ana  .  urther  aided  -n 
transmitting  axial  loading  through  the  post3. 

TESTING 

The  force  gage  itself  vas  placed  on  the 
concrete  floor  beneath  the  drop  tester  and 
positioned  so  that  each  of  the  Object's  heels 
would  strike  and  load  two  pail  cf  strain  sensi¬ 
tive  rods  axially.  Only  the  force  resulting  from 
Inpact  of  the  heels  was  measured.  In  early  test¬ 
ing  the  force  generated  by  inpact  of  the  balls  of 
the  feet  was  also  measured,  but  when  this  farce 
turned  out  to  be  of  small  magnitude  and  was 
later  interpreted  as  a  balancing  force,  the 
measurement  was  discontinued.  Instead,  subjects 
were  instructed  to  lean  back  on  their  heels  just 
before  the  platform  was  dropped  to  reduce  the 
magnitude  of  this  force.  In  this  way  the  diffi¬ 
culties  Involved  in  making  double  measurements 
were  avoided  without  cctapromising  accuracy, 
since  muscular  force  is  not  multiplied  at  im¬ 
pact,  the  time  interval  being  too  short  to  per¬ 
mit  body  reaction  on. 

In  addition  to  measuring  force,  an  accele¬ 
rometer  was  also  strapped  to  the  subject's  head 
to  indicate  the  time  of  arrival  of  the  deceler¬ 
ating  stress  wave.  Stress  propagation  veloci¬ 
ties  could  then  be  calculated  vising  this  time 
interval. 

Tests  were  begun  at  an  initial  drop  height 
of  2  inches  and  Increased  at  1  inch  intervals 
with  the  understanding  that  testing  would  stop 
at  the  subject's  request  whenever  the  impact 
roes  caused  discomfort  or  pain.  This  request 
™as  never  made.  Instead,  they  unconsciously 
bent  their  knees  at  the  higher  drops  .Instincti¬ 
vely  trying  to  protect  themselves.  Eight  inch 
drops  were  obtained  with  difficulty,  and  only 
one  9  inch  drop  was  successfully  completed  as  it 


TEST  RESULTS 


was  obvious  that  the  subjects  were  bending  their 
knees  to  cushion  the  impact,  an  unexpected  linii- 
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locking  a  subject's  knees,  an  idea  with  little 
appeal  to  the  tes'  subjects,  drop  testing  was 


ended. 


ri^iiTc  3  SLOWS  litc  i  'jive* .  itw;  curves  or  o 
one  volunteer  for  a  2,  5  and  8  xnch  drop.  The 
time  scale  is  applicable  to  all  records  with  an 
accuracy  of  2  or  3  percent.  Each  record,  how¬ 
ever,  is  labeled  with  the  value  of  the  maximum 
force  since  a  common  signal  amplification  was 
not  used  for  each  test. 


!■ 
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Fig.  3.  Force-tine  Curves  for  One  Volunteer 
2,  b  and  ?  In  h  Drops 


Figure  1  shows  a  curve  which  illustrates 
the  general  results  obtained  in  all  tests.  There 
occurs  first  a  compression  phase  in  which  drop 
energy  results  In  a  force  increase  to  a  maximum. 
The  time  to  peak  force  decreased  from  about  13 
msec  for  a  2  inch  drop  tc  about  7  msec  for  a  9 
i.rh  drop.  Then  the  body  recovers  from  the  im¬ 


pact  towards  its  normal  weight.  This  time 
varied  between  30  and  60  msec.  It  seems  sign! 
ficant  mat  in  all  the  tests  conducted  only 
twice  did  the  rebound  force  ever  reach  zero. 
Apparently,  the  tody  defends  against  impact 
largely  by  energy  dissipation  rather  than  by 
energy  storage.  This  result  influenced  the 
design  cf  a  lumped  parameter  model  for  man. 


Fig.  It.  Typical  Features  of  Force-time  Curves 
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Fig.  5  Peak  Force  Developed  Above  3ody 
Weight  Versus  Impact.  Energy 


The  test  result  Judged  cost  significant  to 
tolerance  studies  is  shown  it:  Figure  5.  Here, 
the  two  highest  values  of  peak  force  developed 
above  body  weight  are  plotted  against  the  kine¬ 
tic  energy  of  each  volunteer  at  impact.  The 
straight  line  represents  the  least  squares  fit 
to  the  data  which  had  the  highest  index  of 
determination  (.85)  of  several  curves  types 
tried.  Equation  1  is  the  fitting  equation 

F  =  SjE’8?  (1) 

where  E  is  impact  energy  in  in-lhs  and  F  is 
peak  force  in  lbs  above  body  weight. 
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Fig.  •'  Stress  Wave  Transit  Time 
Versus  itspact  energy 


The  time  interval  between  foot  force  and 
head  acceleration  against  the  kinetic  energy 
of  impact  is  plotted  in  Figure  6.  As  best  as 
can  be  determined  by  curve  fitting,  the  transit 
time  does  not  seem  to  be  greatly  influenced  by- 
height  of  drop.  Apparently  stress  transmission 
occurs  at  a  rather  constant  velocity,  somewhat 
less  than  1000  ft/sec.  This  speed  is  rather 
low  considering  that  bone  transmits  sound  at  a 
velocity  near  10,000  ft/sec  and  the  soft  body 
materials  (mostly  ccnpcsed  of  water)  at  a  speed 
near  5000  ft/sec.  It  would  seem  that  the  body's 
response  to  impact  cannot  he  readily  explained 
by  assuming  longitudinal  stress  wave  propa¬ 
gation  as  in  an  elastic  medium.  Apparently, 
joint  distortion  with  its  accompanying  genera¬ 
tion  of  transverse  shear  saves  slows  elastic 
propagation  times  considerably.  . 

Figure  ?  shows  how  the  time  to  the  peak 
force  varies  with  the  magnitude  of  the  force 
itself.  There  is  obviously  much  scatter  in 
this  data.  In  fact,  \£  it  were  not.  for  the 
results  tivs  model  studies,  the  trend  would 
be  difficult  to  discern.  Tne  solid  line 
represents  the  best  least  squares  fit  to  the 
data;  the  dashed  line  represents  model  response. 
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Fig.  7  Peak  Force  Versus  Tine  to 
Peak  Force,  One  Volunteer 

EEVELOFMEHT  OF  MODEL 

The  test  date  concerns  forces  arising  from 
the  impact  of  stiff-legged  man  falling  onto  a 
rigid  surface.  On  shipboard,  forces  will  arise 
from  stationary  men  being  accelerated  from  up¬ 
ward  moving  decks.  To  gu  free  one  case  to  the 
other,  a  model  is  needed  which  will  be  in  agree¬ 
ment  with  the  test  data  and  yet  be  responsive 
to  deck  accelerations. 

It  seemed  that  such  a  model  should  reflect 
two  basic  human  response  properties,  (l)  the 
general  shape  of  the  l'orce-tioe  curve  resulting 
from  impact  should  be  preserved  as  far  as  possi¬ 
ble,  and  (2)  the  peak  forces  aevelqped  by  the 
m-dle  over  the  range  of  drop  test  should  close¬ 
ly  match  those  developed  by  the  volunteers. 
Confluence  in  predictions  could  then  be  taken 
in  proportion  to  the  agreement  between  model 
end  volunteer  response. 

As  a  result  of  these  considerations,'  a 
limped  parameter  model  was  eventually  evolved 
to  represent  what  is  basically  a  complex  stress 
transmission  problem.  The  model,  given  as 
equation  2,  represents  a  mass  supported  by  a 
parallel  spring  and  damper  combination.  In 
this  case,  however,  rather  than  bein^  constant,  ~ 
damping  is  considered  to  be  proportional  to 
displacement. 

m(x  -  y)  :  cat*  +  kx  »  0  (2) 

Here,  y  is  the  applied  acceleration  and  x,  x 
and  x  are  the  acceleration,  velocity  and  dis¬ 
placement  of  the  spring  damper  combination. 

The  spring  constant  Is  k,  the  damping  constant 
c  and  the  mass  m.  For  the  50th  percentile  man, 
the  best  agreement  of  peak  forces  between  man 
and  model  occurred  when  k  had  a  value  of  200 
lbs/ in  and  c  a  value  of  65  lb  seo/in  . 

The  value  of  k  was  somewhat  lower  than 
might  be  expected,  judging  from  the  results  of 
static  compression  tests.  Hirsch  and  White  (l) 
found  that  the  spring  constant  for  a  men's  legs 
was  about  1,500  Ibs/in.  From  Ruff's  (2)  comp¬ 


ression  measurements  on  a  human  spinal  section 
from  the  10th  dorsal  through  the  5th  lumbar 
vertebrae,  it  would  appear  that  tMs  section 
has  a  spring  constant  of  about  3,100  lb/in.  An 
entire  spine  of  21*  vertebra  would  accordingly 
h“V_-  a  stiffness  of  about  800  Ibs/in.  It 
follows  that  the  series  combinations  of  legs 
and  spine  would  imply  a  spring  constant  of  about 
520  lbs/in.  If  tending  occurs,  as  it  surely 
must  in  the  body,  the  overall  spring  constant 
could  be  much  lower  and  perhaps  not  too  far 
from  the  value  of  200  Ibs/in  used  herein. 

Damping  was  included  to  take  energy  from 
the  system  and  to  skew  the  force  time  curve 
towards  a  shape  like  that  observed  in  drop 
tests.  The  form  of  the  velocity  damping  tern 
was  conditioned  by  the  shape  of  the  force  curve. 
In  drop  tests,  force  was  zero  at  impact,  the 
time  of  maximum  velocity,  then  it  increased.  It 
would  not  be  possible,  obviously,  to  represent 
damping  as  a  product  of  a  constant  and  a  velo¬ 
city  because  then  the  force  would  be  a  maximum 
at  the  time  of  maximum  velocity.  To  bring  about 
agreement  with  test  results,  damping  was  made 
dependent  on  both  velocity  and  displacement.  In 
this  way  force  could  not  develop  without  some 
displacement  occurring,  and  yet  it  would  be  de¬ 
pendent  upon  velocity  as  well. 

Because  of  the  inclusion  of  the  damping 
term,  the  force  produced  by  the  model,  both  f or 
impact  and  for  initial  accelerations,  is  strong¬ 
ly  dependent  upon  velocity  itself.  This  result 
was  somewhat  unexpected  considering  that  static 
testing  indicates  that  large  forces  can  be  de¬ 
veloped  in  the  legs  independently  of  velocity. 
Model  deflections  are  only  on  the  order  of  one 
inch  at  the  time  that  fracture  would  be  indicat¬ 
ed;  consequently,  the  fon.e  caused  by  deflection 
alone  is  not  significant  in  comparison  with  that 
-caused  by  velocity.  The  model  response  suggests 
that  an  increased  force  develops  when  the  body 
is  compressed  rapidly  above  that  developed  in 
static  compression.  This  pattern  follows  that 
reported  by  McElhaney  and  Byers  (3)  in  their 
dynamic  studies  or.  biologic  materials.  They 
found  that  an  increased  stress,  as  much  as  two 
to  one,  occurred  for  the  same  strain  when  bone 
and  muscle  tissue  were  compressed  dynamically 
rather  than  statically. 

How  well  does  the  model  response  to  impact 
represent  the  response  of  volunteers?  The  model 
response  curve  shown  in  Figure  5,  while  slightly 
higher,  nevertheless  agrees  with  the  least  square 
square  fit  to  similar  values  of  force  produced 
by  volunteers  for  the  same  impact  energy.  Of 
equal  importance  is  the  observation  that  both 
curves  have  about  the  same  slope,  a  fact  which 
Implies  that  test  data  extrapolated  to  the 
fracture  limit  will  not  depart  seriously  from 
model  predictions.  The  reasonably  good  fit  in¬ 
dicates  that  the  model's  response  will  be  in 
agreement  with  the  response  of  men  at  least  as 
for  as  predicting  peak  force  is  concerned. 

When  calculated  and  measured  values  of  peak 
force  are  compared  for  agreement  in  time  of 
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When  weight  is  varied,  model  response  also 
varies  with  some  favorable  and  sene  unfavorable 
results.  Pea?,  force,  for  example,  is  greater 
for  heavy  men  than  for  light  men,  as  expected 
for  the  same  impact  velocity.  Accelerations, 
however,  are  -ontrary  to  expectations,  being 
less  for  large  men  than  for  small  men.  In 
addition,  for  the  same  impact  energy  light  men, 
contrary  to  test  data,  develop  a  greater  force 
than  do  heavy  men.  Obviously,  some  modifica¬ 
tions  are  needed  to  make  the  response  of  all 
men  conform  with  reason  as  well  as  test  data. 

Consider  the  mattf  acceleration  for  the 
moment.  As  far  as  we  stress  waves  move 

through  the  body  with  -.start  velocity.  Tr.-.is 
when  two  different  sice  men  are  dropped  to  a 
deck  from  a  common  height,  a  stress  wave  should 
travel  upwards  causing  portions  of  their  body 
equally  distant  from  the  dec?  to  be  brought  to 
rest  at  the  same  tine.  Over  this  interval  de¬ 
celeration  would  be  the  same  in  both  men.  de¬ 
celeration  in  the  taller  man,  however,  would 
persist  somewhat  longer.  3ut  since  most  ser¬ 
vice  men  differ  from  a  mean  height  only  by  about 
5  percent,  we  should  expect  that  a  lumped  para¬ 
meter  model  which  developed  a  fairly  constant 
deceleration  could  be  used  to  represent,  fairly 
adequately,  vhat  is  basically  a  wave  transmiss¬ 
ion  phenocvcr.on. 

Modifications  to  equation  1  must  not  only 
tend  to  bring  abouv  a  more  uniform  acceleration 
among  men  but  also  cause  a  cession  force  to  de¬ 
velop  in  proportion  to  their  impact  energy. 

In  seeking  tfc  modifications ,  the  idea 

that  spring  and  damping  terms  could  be  represen¬ 
ted  as  constant  for  all  men  was  reexamined.'"*!!* 
consideration  led  to  the  belief  that  differen¬ 
ces  in  size  ore  not  likely  to  occur  without 
ether  accoe^panying  changes  to  the  physical  pro¬ 
perties  of  the  body:  tendons,  ligaments,  muscles 
etc.  are  all  present  in  greater  qualities  in 
big  men  than  in  small  men.  While  damping  and 
stiffness  properties  of  these  components  would 
be  the  same  on  a  unit  basis,  when  size  increas¬ 
es  more  material  is  present,  wit.-;  the  result 


fun’  sti  ‘fness  o.l  damping  -i.ai.ge  in  prop  rfi-et 
•  e  uuintity  -T  nnreriai  pieavm.. 

lit;  if  stiffness  and  damping  are  made  tc 
vary  directly  with  mass,  the  model  will  then 
respond  t-  impac*  viti.  equal  ac celeratioi:  re¬ 
gardless  of  mass.  However,  oeak  force  will  then 
oe  proportional  to  mass.  Experimental  dal  a  in¬ 
dicates  that  peak  force  should  be  proportional 
to  the  > . fr'  power  of  mass  fer  a  given  impact 
vela  city.  Consequently,  it  would  seem  that, 
stiffness  and  damping  ratios  should  vary  with 
some  fractional  power  cf  mss. 


Since  volume  scaling  turned  up  deficiencies 
area  scaling,  in  which  stiffness  and  damping 
ratios  varied  with  the  2/3  power  of  mass,  was 
tried  next.  This  attests  turned  out  to  be  a 
happy  choice  for  tne  peak  force  developed  from 
impact  of  the  5,  51  and  95th  percentile  nan,  no 
ior.ger  varied  considerably  with  mss,  but  fol¬ 
lowed  eiosely  the  empirical  relationship  of  equa¬ 
tion  1  reflecting  the  average  test,  data.  In 
audition,  acceleration  differences  from  the 
mean  to  the  cuter  percentiles  was  now  reduced 
to  a  modest  6  percent.  It  fact,  as  a  conse¬ 
quence  of  area  scaling .equation  1  causes  accel¬ 
erations  of  different  weight,  men  fron  impact  to 
be  inversely  proportional  tc  r>  that  is, 
acceleration  is  directly  proportional  to  the 
time  it  would  take  a  constant  velocity  stress 
wave  to  traverse  their  height. 


The  equation  vr.ich  best  represents  our 
efforts  to  model  nan’s  response  to  impact  is 
written  as  equation  3- 

m  2/3  2/3 
n<x  -  y'  +  c(  ~gf5  )  *  h(^5;  *  =0  (?/» 


where  the  various  terms  have  the  meaning  pre¬ 
viously  assigned.  The  term  refers  to  the 
mss  of  50th  percentile  man,  whose  weight  is 
taken  to  be  165  lbs. 


SUMMAHf 


Test  results  indicate  that  human  response 
tc  impact  involves  stress  transmission  through 
the  body  at  a  velocity  near  1000  ft/see. 

A  mathematical  model  was  worked  cut  which 
developed  a  force-time  response  similar  to  that 
recorded  during  impact  testing  cf  volunteers. 
Model  results  show  good  agreement  with  human 
response  in  respect  to  peak  force  and  impact 
energy  but  poorer  agreement  with  respect  to 
the  time  at  which  peak  force  occurs. 

Use  of  the  model  will  permit  injury  pre¬ 
dictions  for  shock  excited  deck  motions  by  a 
direct  comparison  of  force  growth  in  the  body 
to  fracture  force. 
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DISCUSSION 


Mr.  Godtno  (GD/EIectrlc  Boat):  Would  you 
please  tell  me  where  you  get  the  original  constants 
you  start  with  for  m,  c  and  k? 

Mr.  Gessweln:  c  and  k  were  simply  adjusted 
during  the  trial  and  error  process  of  finding  an 
equation  that  would  model  according  to  the  data  that 
we  had.  It  turned  out  for  the  average  man  that  c  had 
a  value  of  62  pound-seconds  per  inch  squared,  and  k 
had  a  value  of  200  lbs  per  inch. 

Mr,  Hughes  (Naval  Weapons  Evaluation  Facility); 
Did  you  try  an  equation  in  which  the  damping  term 
was  raised  to  a  power  of  x?  ft  would  appear  that 
in  progressing  from  the  small  man  to  the  166  pound 
man  and  then  to  the  203  pottnf  man,  your  fit  was  pro¬ 
gressing  to  one  side  or  the  c  her.  I  think  you  would 
get  a  better  fit  if  you  raised  it  to  a  certain  power  of 
x.  Have  you  tried  that? 

Mr.  Gessweln:  We  thought  of  that.  We  tried 
squaring  it,  and  halving  it,  but  these  did  not  work  as 
well  as  simple  first  degree  power  so  we  left  the 
model  as  it  is.  The  difficulty  in  changing  exponents 
is  that  we  do  not  have  really  good  data  to  work 
with.  We  only  tested  three  men  and  I  have  shown 
yon  the  scatter  in  the  data.  So  any  effort  at  sophis¬ 
ticated  modelling  !  think  would  be  wasted. 

Mr.  Peete  (Naval  Undersea  R  and  D  Center): 

Had  a  complete  physical  been  given  to  the  test 
specimens,  in  other  words,  their  age  factor,  any 
spinal  or  leg  type  Injuries,  prior  to  the  testing 
period? 

Mr.  Gessweln:  Yes,  that  was  Dr.  C array's 
part.  All  of  the  subjects  were  thoroughly  examined 
at  the  Naval  Medical  Research  Institute  before  the 
testa  and  after  the  teats. 

Mr.  Stein  (Artsoaa  8tete  University);  Was 
there  any  correlation  in  your  teste  between  the 
time  of  day  of  the  <fcxp  and  fite  apparent  quite  large 
scatter  for  the  same  Individual  subjected  to  the 
same  drop?  From  one  of  your  slides  there  la  the 
apparently  considerable  scatter  in  tee  data  for  the 
same  individual  being  dropped  by  the  same  height. 
Was  there  any  correlation  in  the  data  with  time  cf 
day  or  the  relation  to  meal  time?  Because  it  would 
seem  to  me  that  the  soft  parts  of  the  body  would  rot 
accelerate  as  a  rigid  mass  with  the  body,  and  per¬ 
haps  some  of  the  time  factors  could  be  explained 
tost  way,  lake  a  flabby  belly  might  not  come  down 


at  the  same  tl.i.e  as  the  heel  but  at  some  time  later 
spreading  the  pui„.  out  a  considerable  amount. 

Mr.  Gessweln:  That  certainly  is  a  pertinent 
point  you  have  raised  there.  A  lot  of  the  scatter 
thfl  we  observed  was  due  to  the  volunteers  bending 
their  knees  during  the  drop.  (Laughter)  I  think  that 
is  understandable.  We  tried  to  eliminate  it  as  much 
as  possible  by  cautioning  them  to  keep  their  knees 
stiff,  but  there  is  a  lot  of  scatter  in  this  kind  of  data 
and  it  may  be  as  you  say  due  to  many  factors  but  we 
could  not  investigate  the  nr:  in  that  kind  of  detail. 

Mr.  Shaffer  (Aerospace  Medical  Research 
Laboratory):  How  did  you  determine  the  3000  lb 
fracture  limit? 

Mr,  Gessweln:  I  quote  a  reference  in  the  paper 
by  Hirsch  and  White,  they  had  15,000  lbs  per  leg  and 
I  looked  over  the  references  they  had  used  and  I 
thought  3G001bs  was  a  nice  round  number  for  that 
sort  of  thing.  It  Is  not  too  well  established. 

Mr.  Shaffer:  How  do  you  know  tbit  this  is  the 
first  mode  of  failure? 

Mr.  Gessweln:  The  model  is  simply  designed  to 
predict  when  fracture  will  occur.  That  is  all  we  de¬ 
signed  the  model  for.  Not  bruises,  contusions  and 
so  forth. 

Mr.  Cievenaon  (NASA  Langley  Research  Center): 
Would  you  explain  a  little  bit  as  to  why  a  heavy'  man 
accelerates  differently  than  a  standard  man? 

Mr.  Gessweln:  If  1  left  the  impress  ion  that  the 
man  decelerates  differently  it  was  erroneous.  I 
meant  tee  model  itself.  You  see  when  you  divide  by 
tbe  mass,  teen  the  heavier  mass  will  at  course  have 
the  acceleration  for  the  heavier  man  smaller  than 
that  for  tee  lighter  man.  I  believe  teat  all  men, 
since  they  are  about  the  same  height,  decelerate 
equally. 

Mr.  Smith  (Bell  Aerospace):  Your  last  slide 
seemed  to  show  a  partial  attempt  at  least  at  nen- 
diraensionalizing  your  responses,  and  of  course 
teat  is  s  very  good  way  to  reduce  scatter  of  which 
you  do  not  seem  to  have  taken  advantage.  Most 
previous  Information  in  this  area  has  been,  I  think, 
on  frequency  reapocee  of  man  and  1  think  this  in¬ 
cludes  a  certain  amount  in  the  vertical  direction. 
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Have  you  tried  correlating  existing  data  on  frequency 
response  wit])  the  impact  response? 

Mr.  Gesswcin:  No  !  have  not.  That  is  probably 
because  1  am  not  aware  of  the  existing  data  on  the 
frequency  response. 

Mr.  Eaton  (Mgnagco  Manufacturing  Co.):  You 
mentioned  that  you  had  an  accelerometer  on  the  top 
of  the  man’s  head  and  you  showed  a  slide  showing 
the  time  for  the  transient  response  to  get  up  to  the 
top  of  his  head.  What  was  the  correlation  between 


the  g  ratings,  or  accelerometer  readings,  and  the 
platform  reactions? 

Mr.  Gesswein:  We  did  not  make  a  measurement 
of  the  acceleration  on  the  head.  We  used  the  accel¬ 
erometer  to  Indicate  when  the  shock  wave  arrived. 
We  did  not  use  the  accelerometer  for  the  purpose 
you  mention  because  we  could  not  fit  it  to  the  head 
very  well.  We  strapped  it  down  but  there  was  still 
the  problem  of  hair,  and  we  could  not  keep  the  man 
to  keep  his  head  vertical*  we  always  seemed  to  have 
some  horizontal  component  which  would  obscure  the 
meaning  of  the  reading. 
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EQUAL  ANNOYANCE  CONI  OURS  FOR  THE  EFFECT  OF  SINUSOIDAL 
VIBRATION  ON  MAN 


C.  Ashley,  Ph.D. 

Mechanical  Engineering  Department 
University  of  Birmingham. 
England. 


Existing  experimental  techniques  have  not  given  satisfactory  answers  to  problems 
of  subjective  reif  nrne  to  vibratio  n.  The  author  has  suggested  a  new  :nethod  in 
which  a  random  vibration  spectrum  is  used  os  dc  turn  and  a  cross  matching  proce¬ 
dure  with  sinusoidal  vibration  employed  to  Find  constant  annoyance  contours. 
This  method  has  been  applied  experimental;  to  the  standing  position  and  shows 
a  minimum  sensitivity  at  1,7Hz  with  increased  sensitivity  towards  0.7  Hz. 
Maximum  sensitivity  occurred  between  6  and  15Hz.  The  standard  deviations 
of  the  results  were  small  compared  to  previous  investigations.  The  contours 
agreed  with  the  proposed  ISO  recommendation  on  vibration  sensitivity  of  man. 


INTRODUCTION 

One  of  the  fundamental  requirements  in  assessing 
the  acceptability  of  a  particular  enviroment  is  know- 
S  ledge  of  the  effect  of  vibration  on  man.  The 

International  Standards  Organisation  (ISO)  has  been 
woricing  on  this  problem  far  some  considerable  time 
and  a  working  group  proposal  (1)*  is  fairly  close  to 

*  becoming  an  ISO  recommendation.  Fcr  vertical 
sinusoidal  excitation  the  proposed  standard  is  given  in 
Fig.  1,  and  it  will  be  noted  that  only  the  frequency 

*  range  1-90Hz  is  included.  The  mast  sensitive  region 
in  acceleration  terms  is  between  4 Hz  and  8Hz,  which 
corresponds  to  the  frequency  range  over  which  major 

|  resonances  of  the  human  body  occur.  Measurements  of 

|  body  strain  by  Clark,  Lange  and  Coermonn  (2)  show 

peak  levels  for  the  Upper  abdomen,  chest,  lower 
abdomen  and  pelvis  in  this  frequency  range.  Other 
investigators  measuring  transmiss&ility  directly  have 
;  alto  confirmed  the  range. 

The  limits  of  exposure  are  given  in  terms  of  three 
t  limiting  criteria  which  are  self  explanatory,  safe 

exposure,  fatigue  decreased  perfornonce,  and  reduced 
I  comfort.  In  this  paper  we  are  concerned  only  with  the 

f  last  criterion. 

* 

i  * 

i 

|  *A  list  of  references  is  given  at  the  end  of  the  pqper 
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ISO  Proposed  Recommendations  for  the  effects  of 
vertical  vibration  on  win. 

Fig.  1 
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The  straightforward  data  jven  by  ISO  is  taken 

from  a  background  wf  cxpv* i ACrk  which  is  not 

at  all  straightforward.  This  is  demonstrated  by  the  type 
of  data  shown  in  Fig.  2 . 


MwS  CClLiAATiOH  , 

,o 


F>A»*S 


Subjective  responses  from  various  laboratory  tests 
for  vertical  vibration  tolerance  (after  Bryce  0) 

Fig.  2. 

in  which  the  results  of  different  experimenters  are 
compared.  Each  o-«  used  different  criteria,  so  one 
can  expect  differences  in  overall  level  but  the  shapes 
of  the  contours  also  differ  in  a  significant  manner, 
some  showing  «  rim  In  sensibility  of  low  frequency 
and  others  a  fall.  A  wide  criticol  survey  of  the 
literature  and  a  comprehensive  bibliography  has  bean 
prepared  by  Guignard  (4)  and  many  further  examples 
may  be  found. 

The  reason  for  this  disagreement  between  investi¬ 
gators  is  pnbdbty  due  to  the  experimental  method* 
used.  All  the  uAjective  wash  reviewed  by  Bryce 
adced  the  subjects  to  classify  the  v fetation  in  semantic 
terms  i.e.  acceptable,  tolerable,  mildly  annoying, 
severe  etc.  All  these  terms  have  different  meanings 
to  different  people  and  this  makes  control  of  the  exp¬ 
eriment  difficult,  During  the  course  of  the  test  the 
attitude  of  a  single  subject  to  a  particular  taring  can 
change. 

A  possible  alternative  technique  used  by  Woods 
(5)  asked  four  subjects  to  classify  vfcrorion  level  In 
terms  of  numbers  between  I  and  10,  Sut  a  linear 
scale  did  not  result  from  this  technique. 

For  particular  typos  of  work  such  as  vehicle  ride 
asiemment  it  is  necessary  to  have  satisfactory  know¬ 
ledge  of  the  drape  of  the  contours  of  equal  annoy¬ 


ance,  so  that  one  enviroment  can  be  comparer-  with 
another.  The  method  used  and  presented  in  this  paper 
was  to  accept  the  ISO  proposed  levels  as  correct  at  one 
frequency  (6Hz),  and  then  to  obtain  contours  by  asking 
subjects  to  compere  the  effects  of  vibration  at  different 
frequencies  with  a  standard  vibration  which  was  random 
in  nature.  This  is  a  simitar  technique  to  that  used  fer 
the  equal  loudness  contours  in  sound  (6). 

For  this  initial  work  to  prove  the  eras  matching 
technique,  vertical  vibration  in  the  standing  position 
was  chosen  as  the  subject.  This  choice  eliminated 
problems  of  seat  transfer  characteristic  which  affect 
experiments  conducted  in  the  seated  position. 

EXPERIMENTAL  TECHNIQUE  AND  RESULTS 
CHOICE  OF  STANDARD 

The  first  deris.on  necessary  in  a  cross  matching 
experiment  is  selection  of  the  standard.  The  standard 
selected  was  a  random  vibration  excitation  with  a 
power  spectrum  which  decreased  at  12  db/octave  when 
measured  in  defacement  terms  or  was  substantially 
flat  when  measured  in  velocity  terra.  The  method  of 
generation  is  detailed  in  Appendix  1.  Choice  of  such 
a  spectrum  was  dictated  by  the  experimenters  interest 
In  the  automobile  ride  enviroment  (7)  Study  of  a  wide 
range  of  road  and  runway  surfaces  by  .an  Demon  (8) 
and  LaBarre,  Andrew  &  Forbes  (9)  have  shown  that  on 
average  the  power  spectrum  of  amplitude  against  wave¬ 
length  shows  a  slapo  of  two.  This  infers  that  bumps  are 
geometrically  similar  and  large  bumps  are  of  long 
wavelength  and  small  bumps  of  proportionately  smaller 
wavelength.  When  related  to  a  vehicle  travelling  at 
constant  speed,  a  constant  moan  velocity  input  qsectrum 
can  be  inferred,  the  level  being  a  function  of  the 
roughnem  of  the  surface  and  the  speed  of  the  vehicle. 
The  vibration  standard  used  conetponds  to  that  ufeich 
would  bo  experienced  an  a  vehicle  with  infinite  rate 
faring! ng,  end  Uc  useful  generalised  standard. 

It  was  felt  much  better  to  use  a  random  signal  as 
a  c  unput  Ison  standard  rothsr  than  a  sinusoidal  signal, 
because  at  the  fixed  frequency  chosen  for  the  sinusoid, 
subjects  would  be  excited  In  differing  manner  due  to 
phyrio  logical  differences. 

EXPERIMEi'iTAL  METHOD 

The  random  signal  was  related  to  the  150 
proposal  for  FDP  at  6Hz  by  crass  matching  far  vertical 
vibration  In  the  standing  position.  This  was  achieved 
by  use  of  two  electro-hydraulic  vibrators  mounted 
close  together.  Fig.  3,  the  subject  moving  from  one 
to  the  other  until  ratisfied  by  the  equivalence.  The 
actual  prinfed  i retractions  given  to  each  subject  are 
given  in  Appendix  2,  The  type  of  subjects  used  were 
fit  males  in  the  age  range  nineteen  to  fifty  five.  The 
sinusoidal  level  was  fixed  at  the  ISO  standard  and  the 
random  level  varied.  The  acceleration  levels  were 
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Fig.  3 

"H*  subjected  being  vibrated  at  large  amplitude  and 
low  frequency  by  one  vibrator. 

found  by  calculation  from  measured  displacement  of 
the  vibrator. 

The  average  results  for  106  tests  using  27  subjects 
are  given  in  Fig.  4  a  satisfactory  linear  relation¬ 
ship  is  shown. 

The  equal  annoyance  contours  for  humors  excited 
in  the  vertical  standing  position  were  then  found 
using  the  average  random  levels  found  from  the  first 
experiment  to  correspond  to  the  ISO  FOP  time  limits 
for  one  hour,  two  and  one  half  hours,  four  bouts  and 
eight  hours  as  standards.  For  this  experiment  the 
random  levels  were  kept  constant  as  comparison 
levels,  and  the  sinueoidal  vibration  level  varied  in 
the  a  rplitude  at  each  fixed  frequency.  Six  subjects 
only  were  used  lor  this  stage  of  the  investigation. 

Hie  technique  used  was  to  start  at  7  Hz  and  than  taka 
equivalence  readings  at  dtp  reduced  frequencies  down 
to  0.7  Hz.  Then  the  frequency  eras  increased  upwards 
In  stops  starting  from  7  Hz,  By  this  technique  any 
element  of  learning,  or  airple  progressive  change  in 
amplitude  sensitivity  would  be  detected  by  a  step  in 
the  contours  at  6  Hz  to  7  Hz,  bid  no  such  step  was 


Fig.  4 

The  relationship  between  the  arbitory  random  vibration 
and  the  principal  ISO  levels  at  6Hz.  The  standard 
deviation  is  drown  by  the  bar. 
present.  It  was  also  gratifying  that  the  six  subjects 
gave  an  average  at  6  Hz  vihich  was  remarkably  dose 
to  the  equivalence  average  of  the  77  subjects  used  in 
t'e  first  part  of  the  experiment.  The  only  major 
divergence  was  at  the  one  hour  level,  but  the  error 
was  in  the  direction  so  giving  o  better  linear 
relationship  than  the  original  experiment.  The  stand¬ 
ard  deviations  ate  shown  in  Fig.  5  and  are 
reasonable  though  six  subjects  is  much  smaller  sample 
than  is  statistically  desirable.  When  comparison  is 
made.  Fig.  6,  between  the  standard  deviations 
occurring  with  the  semantic  method  as  used,  for 
example,  by  Forks  and  the  cross  matching  method  the 
reduction  in  the  standard  deviation  b  quite  remarkable. 

DISCUSSION  OF  RESULTS 

Comparison  between  the  results  and  the  ISO 
proposals  b  made  in  Fig.  7  and  shorn  goad  agree 
ment  except  that  at  higher  frequencies  more  sensiti¬ 
vity  b  shown.  The  range  of  frequency  for  uniform 
tolerance  to  acceleration  appears  to  extend  to  about 
15  Hz,  The  indicated  minimum  sensitivity  at  1.7  Hz 
is  of  meat  interest  in  that  it  b  close  to  the  natural 
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Fig.  5 

The  annoyance  contours  for  vertical  vibration  in  the 
standing  position 
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Fig.  6 

A  comparison  between  standard  deviations  found  for 
a  semantic  based  experiment  compared  with  the 
cam-matching  method. 

bounce  frequency  of  many  road  vehicles.  The 
increase  in  sensitivity  at  lower  frequencies  is  almost 
certainly  associated  with  motion  sickness,  for  which 
0.3  Hz  has  been  suggested  os  the  frequency  of 
particular  sensitivity.  The  frequency  range  5-15Hz 
includes  most  of  the  major  resonances  of  the  thorax 
abdominal  system  already  mentioned. 


Fig.  7 

A  comparison  between  the  results  of  this  experiment 
and  the  ISO  proposals 

It  is  ;  teiesting  to  note  that  the  excitation 
frequency  minimum  sensitivity  at  1.7  Hz  corresponds 
to  a  natural  walking  pace  of  102  paces  per  minute,  at 
which  one  would  expect  natural  selection  to  lead  to 
good  isolation. 

Other  recent  investigators  such  as  Dupuis  (1C)  and 
Louda,  Dupuis  and  Hartung  (11)  show  similar  annoyance 
curves  to  that  given  in  this  paper,  though  the  cross 
matching  technique  was  not  used.  A  recent  experi¬ 
menter  Miwa  (12)  used  the  cross  matching  technique 
with  a  sinusoidal  at  20  Hz  as  standard  but  did  not  show 
the  increase  in  sensitivity  at  very  low  frequencies. 

This  result  may  be  a  function  of  the  high  frequency 
datum  concentrating  the  a.tention  of  the  subject  or 
the  harmonics  ineviWbly  present  in  the  low  frequency 
vibration.  Another  factor  was  the  short  exposure  time 
used  by  Miwa  ,  6  seconds  below  10  Hz  and  3  seconds 
obeve  10  Hz.  It  was  found  in  the  current  experiment 
periods  of  up  to  thirty  seconds  or  more  were  necessary 
for  the  majority  of  subjects  to  get  o  complete  feeling 
for  a  particular  vibration. 

THE  RESULTS  IN  RELATION  TO  PHYSIOLOGICAL 
FACTORS 

The  methods  used  show  excellent  agreement  with 
the  averaged  results  by  Bryce  (3)  of  several  previous 
experiments.  Fig.  8,  despite  the  small  sample  size. 

The  actual  shape  is  closest  to  that  of  Go  id  man  who 
himself  considered  the  results  of  several  investigators. 
The  only  other  quantitative  method  for  obtaining 
equal  comfort  curves  is  the  method  of  'absorbed  power' 
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Fig  8 

A  comparison  of  the  results  of  this  experiment  with  the 
averages  of  Bryce  and  Goldman  and  the  USAF  fWADC) 
criterion 

proposed  by  Prodko  and  Lee  (14).  A  comparison  •*. 
shown  in  Fig.  9 


Fig.  9 

A  comparison  between  cross  matching  and  normalised 
absorbed  power  for  the  sitting  position. 

in  which  Prodko  and  Lee's  published  curved  for  the 
equal  comfort  boundary  in  the  seated  position  has  been 
normalised  to  the  BO  4  hr  4DP  level.  This  shows 
notable  divergence  at  low  frequencies.  This  is  to  be 
expected  because  at  low  frequencies  the  body  moves 


as  a  rigid  mass  with  little  energy  absorbed  through 
internal  damping.  The  energy  absorbed  by  the 
initiation  of  rnotran  sickness  is  negligible,  though  the 
end  effects  car  *-«  severe  .  Despite  the  fact  that  people 
are  known  to  acclimatise  to  low  frequency  motion,  the 
author  feels  that  the  effect  of  motion  sickness  should  be 
included.  Tlus  it  may  be  proposed  that  coin  fori  is  a 
function  of  vascular  disturbance  at  low  frequencies  and 
absorbed  power  at  higher  frequencies. 

Safe  exposure  limits  may  well  be  based  on  different 
criteria  such  as  acceptable  relative  motion  of  the  internal 
organs  of  the  body,  for  this  case  light  damping  could 
lead  to  low  absorbed  power,  but  I jrge  ampl  itudes 
particularly  if  a  minor  sub-system  is  envolved  such  as 
the  eyeball. 

CONCLUSION 

The  cross-matching  technique  using  a  constant 
velocity  power  spectrum  as  vibration  datum  is  presented 
ca  o  valuable  new  technique  which  it  is  hoped  other 
experimenters  will  use  to  clarify  the  various  problems 
of  comfort.  The  outstanding  problem  is  the  relation¬ 
ship  between  sinusoidal  and  random  motion,  but  other 
areas  could  include  the  effect  of  differential  motion 
Input  at  head  and  seat,  two  dimensional  disturbances 
and  the  effect  of  mixing  noise  ;nd  vibration.  Fatigue 
effects  are  a  dtffere...'  problem,  and  meaningful  results 
can  only  be  obtained  from  experiments  using  sensible 
tasks  as  criteria. 

Comparison  of  the  results  in  this  paper  with  the  ISO 
proposals  shows  excellent  agreement  within  the  common 
frequency  range  of  1  Hz  fo  20  He.  The  ISO  proposals 
are  designed  to  cover  safe  exposure  and  fatigue  decreased 
performance,  with  comfort  as  a  third  consideration  and 
this  work  shows  that  the  ISO  proposals  can  be  used  in 
this  third  application  with  satisfaction. 
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APPENDIX  1  RANDOM  WAVEFORM  GENERATION 


For  this  type  of  work  in  which  random  vibration 
is  used  as  a  standard,  a  definable,  ergodic  source 
must  be  used.  The  device  employed  was  a  commercial 
Solartron  B0  1227  random  signal  generator,  which 
employs  7  binary  switches  operated  at  random  to  form 
voltages  corresponding  to  any  number  between  0  and 
128  with  equal  probability.  If  two  successive  voltages 
are  averaged,  there  will  be  a  triangular  probability 
function.  If  averaged  32  times  and  the  probability 
distribution  becomes  virtually  gaussion  with  a  crest 
factor  of  9.8.  The  switching  frequency  is  separately 
controlled.  The  spectral  density  has  the  form 

V(f)  =  V(o)  sin  II  f/fc /  II  fr/fo 

with  zero  power  at  switching  frequency,  buf  flat  down 
to  zero  frequency.  The  switching  frequency  used  was 
32  Hz. 


This  unit  drove  a  simple  filter  of  form 


F(jw)  = 


1 

1  +C  (jvr) 


where  £  =  0.5  sec  and  the  corner  frequency  was  0.33  Hz. 
This  yields  a  velocity  ^ectrum  which  was  flat  over 
the  range  0-15  Hz.  The  spectrum  is  given  in  Fig.  10. 

The  actual  wnvefoi  .are  shown  in  Fig.  11  and  are 
substantially  identical  t.  tween  driving  signal  and 
vibration  response,  except  fora  time  lag  of  10  ms. 


APPENDIX  2  INSTRUCTIONS  GIVEN  TO  SUBJECTS 

This  is  a  vibration  test  to  compare  the  annoyance 
of  random  vibration  with  sinusoidal.  Although  there 
is  obviously  no  teal  equivalent  this  is  a  serious  attempt 
to  obtain  a  guide.  Please  don  the  ear  muffs  (to  reduce 
extraneous  noise)  end  then  let  your  weight  be  carried 
by  each  plate  in  him.  Stand  naturally  (not  rigidly) 
but  do  not  allow  the  knees  to  bend  so  that  vibration  is 
reduced.  Imagine  that  you  will  have  to  stand  each 
vR> ration  is  reduced.  Imagine  that  you  will  hove  to 
stand  each  vfcvafion  for  the  qsecifiod  time.  Quickly 
make  up  your  mind  which  is  more  unpleasant  and  tell 
the  controller.  He  will  then  reset  one  vibration  to 
be  more  equal.  This  procedure  is  to  be  repealed  until 
both  appear  of  equal  annoyance.  Hie  test  will  then  be 
continued  fora  different  setting. 


If  you  feel  queasy  or  unwell  at  any  stage  tell  the 
controller  and  the  test  will  be  stopped." 

APPENDIX  3  WAVEFORM  DISTORTION 
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In  any  vibration  experiment  some  degree  of 
waveform  distortion  is  inevitable.  The  vibrator  units 
used  for  this  experiment  were  electro-hydraulic  units 


designed  by  the  author  (14)  and  shown  in  Fig.  12. 
Those  had  minimum  distortion  as  a  design  ob festive, 
and  this  was  to  be  achieved  through  low  friciivii 
design  of  the  actuator  and  tow  noise  design  of  the 
electronic  system.  The  actual  distortion  at  10  Hz 
and  +  0. 100  in.  is  given  in  Table  1  below 


DISCUSSION 


Mr,  Stein  jAri/oga  State  University):  l  was 
most  impressed  by  your  committee  averaging  pro¬ 
cedure  between  zero  and  six  db  per  octave.  Six  dl) 
per  octave  represents  a  single  lumped-parameter 
energy-storing-element  type  of  response  which  has 
a  good  physical  representation  to  the  mathematics. 
Three  db  per  octave  Is  a  committee  averaged  de¬ 
cision.  Is  that  really  a  good  way  to  go?  Also  six 
would  have  corresponded  with  some  of  your  experi¬ 
mental  results  a  little  better  I  believe. 

Mr.  Ashley:  first  of  all  I  must  stress  that  the 
story  it  told  Is  in  fact  apocryphal.  1  was  not  there 
at  'he  time  that  this  particular  decision  was  made 
and  I  agree  with  you  that  it  would  lx*  wry  much  nicer 
If  the  slope  had  in  fact  been  six  db  per  octave,  be¬ 
cause  it  would  have  meant  that  the  design  of  niters 
for  using  weighting  networks  would  have  been  very 
much  easier.  And  again  it  would  have  corresponded 
to  the  concept  of  Jerk  at  very  low  frequency.  Apart 
from  that,  I  think  that  when  you  actually  study  the 
shape  of  the  curves  in  relationship  to  the  published 
form  of  my  paper  I  think  that  the  agreement  with 
this  bastard  slope,  if  you  lika,  is  very  good, 

Mr.  Foley  (Sandla  Laboratories);  On  your  com¬ 
fort  curves  and  so  forth  were  all  of  the  subjects  In 
your  experiments  males?  Is  there  a  difference  with 
females? 

Mr.  Ashley:  For  the  work  which  we  did  all  the 
subjects  were  fit  males  In  the  age  range  19  t  55,  In 
fact,  most  of  them  were  students  around  about  the 
age  range  around  about  13  to  22.  It  would  be  Inter¬ 
esting  In  fact  to  do  a  comparison  with  females.  We 
haw  one  or  two  isolated  items  experimentally  and 
there  does  not  seem  to  be  very  much  significant 
difference. 


Mr.  Parks  (Army  Tank- Automotive  Command) 

1  lave  any  data  been  collected  on  the  response  of 
children  ?  Most  of  this  work  seems  to  be  in  the  adult 
category. 


Mr,  Ashley:  It  would  in  fact  be  Interesting  to 
do  It  for  children.  One  of  the  difficulties  With  doing 
this  type  oi  work  Is  the  ethics  of  doing  the  experi¬ 
mentation  in  that  one  has  a  certain  responsibility 
as  far  as  the  likelihood  toward  physical  damage  Is 
concerned,  I  think  this  Is  one  of  the  reasons  why 
there  has  lieen  very  little  work  done  in  experimen¬ 
tation  with  children  to  discover  their  tolerance  to 
vibration,  1  personally  know  of  no  experimental 
data  whatsoever. 


Mr.  Parka:  Could  several  of  these  sinusoidal 
levels  exist  at  one  time  at  several  frequencies? 
Would  that  still  fall  under  one  of  the  curves? 


Mrc  Ashley;  This  now  relates  to  how  one  con* 
alders  the  relationship  between  random  and  pure 
sinusoidal  environments.  You  are  taking  a  sort  of 
intermediate  stage  where  one  has  a  mixture  of  the 
slnu  sot  dais.  An  extreme  example  of  the  physical 
situation  where  this  happens  is  In  helicopters  where 
you  get  sinusoidal  vibration  as  a  function  of  the  rotor 
frequency.  In  this  case  the  best  technique  is  to  use 
the  tolerance  curve  as  I  have  shown  you  and  to  turn 
It  upside  down  and  then  to  use  it  as  a  weighting.  If 
one  is  six  db  less  sensitive  at  10  Hz  then  one  mul¬ 
tiplies  the  sinusoidal  component  at  10  Hz  by  a  factor 
of  one-half  and  then  sums  the  effect. 
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ISOLATION 

ISOLATION  FHOM  MECilANICAL  SHOCK  WITH  A  MOUNTING 
SYSTEM  ’LAVING  NONLINEAR  DUAL-EIASE  DAMPING 


J.  C.  Iiov’on 

Ordnance  P^sea  ch  Laboratory 
The  Pennsylvania  State  University 
University  Park,  Pennsylvania 


- - - - - - — . . — . — 

This  investigation  demonstrates  that,  when  the  foundation  of  a  simple 
mounting  system  Is  transiently  displaced,  the  use  cf  a  shock  junt  hav¬ 
ing  nonlinear  dual-phase  damping  can  simultaneously  reduce  or  minimize 
the  resulting  acceleration  and  displacement  of  the  mounted  item..  Nor¬ 
mally,  such  redactions  pose  conflicting  requirements  that  cannot  be  sat¬ 
isfied  at  the  same  time  by  a  conventional  viscously  damped  linear  shock 
mount.  Hie  dashpot  of  the  nonlinear  system  considered  here  exerts  a 
dual-phase  damping  force  that  is  relatively  small  when  the  system  under¬ 
goes  abrupt  transients,  but  is  significantly  larger  (1)  during  the  rel¬ 
atively  slow  decay  of  motion  that  follows  this  abrupt  loading,  and  '-2) 
When  the  system  is  subjected  jo  less  abrupt  transients.  The  response  of 
the  mounted  item  has  been  either  calculated  from  closed-form  expressions 
derived  for  the  linear  mounting  system  considered,  or  obtained  by  nu¬ 
merical  integration  of  a  differential  equation  of  motion  that  incorpor¬ 
ates  the  dual-phase  damping  characteristic  of  the  nonliiear  mounting 
system  considered.  The  steplike  and  pulselike  input  transients  examined 
are  realistic  in  that  they  describe  now  the  fomdation  of  each  mounting 
jystejn  is  displaced  through  a  finite  distance  in  a  finite  time  with 
finite  acceleration  and  deceleration.  The  rise  times  and  durations  of 
the  transients  are  chosen  to  be  much  larger  than,  of  the  same  order  as, 
and  much  shorter  than  the  half-period  of  natural  vibration  of  the  mount¬ 
ing  systems. 


nffRODocnoH 

This  paper  considers  the  response  of  *he 
simple  mounting  systems  of  Figs.  1(a)  and  (b) 
to  a  transient  time-varying  foundation  dis¬ 
placement  x^t);  the  resultant  displacement  of 
the  mounted  item  of  mass  N  Is  XgCt),  where  t  is 
time.  A  linear  spring  of  stiffness  K  iw  ccsmon 
to  both  systems  and  the  linear  dashpot  of  Fig. 
1(a)  obeys  Bewton's  law  of  viscositv;  however, 
the  damping  force  exerted  by  the  dashpot  of 
Fig.  1(b)  is  a  nonlinear  function  of  the  rela¬ 
tive  velocity  (x^  -  ig). 

In  general,  the  contents  of  the  item  of 
equipment  M  will  receive  the  greatest  protec¬ 
tion  from  shock  [1]  when  the  acceleration, 
displacement,  and  relative  displacement  of  M 
are  small  simultaneously.  For  the  simple 
system  of  Fig.  1(a),  these  are  csnflicting  re¬ 
quirements;  for  example,  although  the  maximum 
values  and  decay  times  of  Xg  and  (xo  -  x, )  will 
be  reduced  if  the  system  is  damped  heavily,  the 


maximum  acceleration  of  M  will  then  be  increased 
for  ail  but  gradual  transients. 

The  investigation  described  here  was 
prompted  by  the  belief  that  the  contents  of  M 
could  be  afforded  greater  protection  from 
damage  if  the  viscous  drmping  force  was  small 
when  the  system  experienced  abrupt  transients, 
but  was  considerably  larger  (1)  during  the  rel¬ 
atively  slow  decay  of  motion  induced  by  this 
abrupt  loading,  and  (2)  when  the  system  was 
suojected  to  Less  abrupt  transients.  Such 
changes  in  resistance  i_o  motion  (viscous  damp¬ 
ing  force  decreasing  as  rate  of  sheer  in¬ 
creases)  are  characteristic  of  so-called 
thixotropic  substances,  which  include  many 
polymer  solutions  [2-9],  "non-drip"  paints, 
and  even  blood  [10].  Although  thixotropic  be¬ 
havior  is  veil  known  and  many  experimental  re¬ 
sults  are  documented  in  the  literature,  it 
appears  that  significant  changes  in  viscous- 
damping  force  are  obtained  only  when  shear 
rate  changes  in  value  by  several  orders  of 
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nagnitude.  Consequently ,  the  pronounced  thixo- 
trcp'.c  characteristic  sought  alter  lr:  this  in- 
'.'estimation  is  consider el  to  r-suit  from  the 
: lord,  1  near  mechanical  action  of  a  lashpot  that 
contains  a  linear  fluid. 

tor  the  linear  system  of  Fig.  1(a),  it  is 
well  known  that  the  damping  ratio  —  the 
ratio  of  the  coefficient  •,  to  the  value  »lc 
that  is  required  to  damp  the  system  critically— 
is  giv<  ■.  1;  by  the  simple  relation 


where 


(1) 

(2) 


is  the  natural  frequency  of  the  system.  Equiv¬ 
alently,  the  nonlinear  dashpot  of  Fig.  1(b)  is 
considered  to  have  a  damping  ratio  that  takes 
one  of  two  constant  values  if  the  relative 
velocity  across  the  dashpot  terminals  Is  either 
small  or  large.  For  intermediate  velocities, 
there  is  a  linear  transition  from  one  level  of 
the  damping  ratio  to  the  other.  This  char¬ 
acteristic  is  sketched  ir  Fig.  2,  where  tha 
damping  ratio  ^  changes  in  value  from  ?  to 
Si1  as  the  magnitude  of  the  relative  velocity 


=  '4i s,  x 

o  max 


increases  from  c»i0xEeL{  to  t?{ou0x2.ax''.  Here,  or, 
S,  and  d  are  arbitrary  constants  to  be  speci¬ 
fied,  and  is  the  maximum  value  of  the  in¬ 
put  displacement  x^(ts.  Kith  this  notation, 
the  duel-ohase  damping  characteristic  of  Fig.  2 
can  be  described  In  specific  terms  as  follows: 


Fig.  1  -  (a)  Linear  shock  mount  and  (b)  non¬ 
linear  shock  mount  with  dual-phase  damping. 


a  0a 


RELATIVE  VELOCITY 


Fig.  2  -  Sketch  of  the  dual-phase  damping  char¬ 
acteristic  of  the  nonlinear  mount  of  Fig.  1(b). 


when  1 i !  <  a  , 


+  A  'SslVi  -  ill  Vj 


r  Vd-1/-V 


•hen  o  <  ‘ f ;  <  , 

when  :  >?.i  . 


(k) 

(5) 

(6) 


V&ys  ir.  which  the  damping  characteristic 
of  ~ig.  2  oar.  be  generated  mechanically  are 
suggested  by  tr.e  sketches  of  Fig.  5,  where 
either  a  additional  orifices  open  in  the 
iashrct  tl„v’r  :r  b  a  return  valve  operates 
-nee  the  relative  velocity  aci-css  the  dash¬ 
er  : — and.  therefor",  'he  visco.s  damping 

t' r rce is  »  Itvsl* 

Tr.e  rifice  .  •* '  *  * :;  f  Fie.  T+  ti*at  adapt  to 
the  changes  in  darpir.,-  force  could,  for  example, 
c-  spring-loaiei  ball  searings  cr  small  plates. 

’''.a  rj*;  ^  *♦•4'*,'.*  O I*  *  1  T 1  ^  ffO" 

?.  *.o  a  1z'  lev*!,  ar.d  vice  versa,  viU. 


(0)  (b) 


Fig.  Z  -  Dashpots  with  nonlinear  mechanical 
action  designed  to  duplicate  the  dual-phase 
damping  characteristic  of  Fig.  2. 
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depend  on  the  rate  at  which  the  valves  open  and 
elo*«.  Tn  the  calculations  to  be  described 
here,  3  -  2,  6  -  5,  and  a  =  1.0.  For  these 
values,  the  damping  ratio  changes  in  level  by  a 
factor  of  5  as  the  relative  velocity  varies  by  a 
factor  of  2  above  the  value  a  value 

that  is  actually  the  maximum  (absolute)  velocity 
attained  by  M  when  the  mounting  system  is  un¬ 
damped  and  is  subjected  to  a  discontinuous  step 
displacement  Xx  =  xrax  * 

The  three  input  displacements  refen  ed  to 
in  this  study  are  defined  in  the  following  sec¬ 
tion.  The  inputs  are  chosen  t.o  be  physically 
realistic  in  that  they  describe  the  translation 
of  the  foundation  through  a  finite  diets’  ce  in 
a  finite  time  with  finite  acceleration  -r  ?  de¬ 
celeration. 


STEPLIKE  AND  PULS"  1.55  INPUT  DISPLACEMENTS 

The  i r-;-  tr.vn  ’’'..to  considered  here  are 

(a)  a  ram.  ••  ■  ./■{‘■r.ent  step,  (b)  a  uni- 
directl"'’V'd  -n.  v.«*  displacement  pulse,  and 
(c)  an  ojoilla-ory  displacement,  step.  These 
Inputs  are  defined  by  the  following  equations: 

x^(t)  =  0  when  time  t  <  0  ,  (?) 


The  rise  tine  t  of  the  rounded  displacement 
step  is  defined  by  Eq.  11  us  the  time  required 
for  the  displacement  to  reach  82^  of  its  final 
value.  The  duration  t  of  the  displacement 
pulse  is  defined  as  the  length  of  an  equiva¬ 
lent  rectangular  pulse  that  has  the  same  area 
(xmx  e  ,/2  »~  )  as  that  of  the  rounded  pulse, 
but  which  is°higher  by  17.61  than  x-^.  The 
rise  time  1  of  the  oscillatory  displacement 
step  is  exactly  the  time  required  for  the  dis¬ 
placement  to  reach  its  maximum  value  x  . 

The  method  of  selecting  the  input  dis¬ 
placement  defined  by  Eq.  10  is  of  interest.  An 
input  was  sought  that  would  represent  the  char¬ 
acter  of  an  abrupt  transient  disturbance  after 
it  had  passed  through  and  had  been  "filtered" 
by  the  foundation  structure  that  supports  the 
mounting  system  under  consideration.  Now,  when 
the  base  of  a  single-degree-of-freedom  (mnss- 
spring-dashpot;  system  is  subjected  to  a  right- 
angled  step  displacement  >:(t>  =  xc,  the  resul¬ 
tant  displacement  Xj  of  the  system  mass  is 
given  [1]  by  the  equation 

'  "t 

Xj_  =  XQ  {1  +  e  l(«F/AF)  Sin  Ap^t 

-  cos  i._u,tj!  ,  (12) 

r  * 


xl{t)  =  xmax  [1  *  e  7  °  {1  +  r“'ot)] 

when  t  >  0  (rounded  step)  , 


x1(t)  =  (e2/a)(yu:ot)2  e  0  (9' 

when  t  >  0  (rounded  pulse)  , 

and 

x.  (t)  =  x  (0.686S1*)  [1  -e"',2'>  "c^ccs  <-•  t 
1  max  c 

+  0.25  sin  -x  t)]  (If' 

O 

when  t  >  0  (oscillatory  step'  . 

The  first  two  inputs  have  been  considered  is 
previous  investigations  [1],  but  they  are  re¬ 
defined  here  for  convenience.  The  input  dis¬ 
placements  obtained  for  different  values  of  the 
parameter  and  universal  curves  that  describe 
the  velocity  and  acceleration  waveforms  asso¬ 
ciated  with  these  displacements,  are  plotted  in 
Figs.  1-?. 

The  parameter  ■  describes  the  finite  rise 
tim- s  of  the  steps  and  the  duration  of  the  pulse 
in  terns  of  the  half-period  of  natural  vibra¬ 
tion  7/2  of  the  t .unting  system;  thus, 


where  uy  is  the  natural  frequency  of  the 
system,  is  its  damping  ratio,  and 

*  (1  -  ll'*  .  (13) 

Although  this  would  seem  to  be  ar.  appropriate 
input  displacement,  it  is  not  physically  real¬ 
istic  [1]  because  its  first  time  derivative 
(velocity)  is  discontinuous  and  its  second 
derivative  (acceleration)  is  infinite  at  the 
time  origin.  However,  if  the  sine  term  in 
Eq.  12  is  reversed  in  sign,  the  waveform  is  not 
greatly  changed,  yet  x,  is  then  zero  end  ?,  re¬ 
mains  finite  at  the  time  origin.  Further, J- for 
all  but  large  values  cf  vr,  the  equation  may  be 
simplified  as  follows: 

....  *  T't’’  _  .  . 

x,  =  x^r  -  e  , sir.  _t  -  cos  -t  .. 

It  is  readily  seer.  th)t  tills  list  lac  eiter.t  tal-tes 
a  maximum  value 


•  her. 


•  hicr.  is  an  equation  that  directly  specifies 
the  step  rise  time,  ,'cr.sequer.ti.’,  from  Eq.  11, 
it  is  possible  to  write  that 


23 


AC«lERATtON  iii/lx.iwo,,  VELOCITY  PSPtACtMENT  DiSPLACEMFMT  x,/X, 
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0  Of  iC  1 5  2  0  2  5  JO  3  5  4.0 


TIME  w0Vff 

Fig.  h  -  The  rounded  step  displacement. 


Fig.  5  -  Founded  step  displacement  with  its  velocity  and 
acceleration  waveforms. 
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10 


?ig.  8  -  The  oscillatory  displacement  step. 


Fig.  9  -  Oscillatory  displaces ent  step  with  it*  velocity  and 
acceleration  waveform*. 


(17) 


7  « 


and,  free  Eq,  lh,  that 

-6vtu>  t 

[1-e  (fijin  tto  t+cos  71D  t)] 

=  >w - fa 3r - — •<*> 

(1  +  e  F  ) 


Fro*  this  equation,  by  placing  =  0.25,  the 
oscillatory  displacement  step  of  Eq.  10  was 
defined  directly. 

To  conclude,  the  maximum  values  attained 
by  the  velocity  and  acceleration  waveforms  of 
the  Input  displacements  of  Eqs.  8-lo  are 
listed  here,  because  these  values  will  be  re* 
ferred  to  when  the  iffectiveness  of  different 
shock  mounts  in  protecting  the  contents  of  M 
fro*  damage  is  coopered.  Thus, 

»*lU  =  °'36786  "VW 

(rounded  step)  {  (19) 

(TL)  =  yZo?x 
'  j/max  o  max 


f  \  a  n-.rtn 

'Vmx  v-°5io°  ^oxs*x 

(rounded  pulse)  ;  (20) 

2  2 

“  i>  X 

o  max 


«lU  =  3*fiSfc»5  7  V. 

aod 


«i  W =  °-50825  *v. 


o  max 


(oscillatory  ctep).(2X) 


(*lU  -  °-72977  rVx 


TRANSIENT  RESPONSE  OF  THE  LINEAR  MOUNTING  SYSTEM. 

The  transient  response  of  the  mounting 
system  of  Fig.  1(a)  is  described  at  this  point 
to  provide  a  basis  against  which  the  nonlinear 
results  of  the  following  section  can  be  coopered. 
Closed- for*  expressions  for  the  response  Xg(t) 
of  the  mounted  ite*  M  to  the  three  input  dis¬ 
placements  under  consideration  can  be  obtained 
by  the  methods  of  the  Laplace  transformation 
[1].  The  velocity-  and  acceleration-time  re¬ 
lations  for  M  follow  directly  by  differentiation. 


Rounded  Step  Input 

JjL  =  {l  -  «"JU5ot(A(7«n  t)  +  Bl  +  e"BR“^t(C  cos  AgO^t  +  D  sin  Ag<bot)}  , 

xwmx 


(22) 


^2—  =  (ye*7a0t  [A(js»  t  -  I)  +  B]  +  9e‘6R^ot)  , 


U)  x 
o  mx 


and 


3—  rn  t-7Vru,ot(A(7»ftt)  +  (B  -  2A)]  +  E  e"VBot)  , 


(23} 


(2k) 


where 


a,,  *  a  -  , 

(25) 

*  =  (i  -  r2r)  , 

(26) 

B  =  (1  +  c)  , 

(27) 

e  «  ((DSg  -  CBg)  cos  A^»0t  -  (I»H  +  CAg)  sin  Ajf>Qt]  , 

(28) 

and 

E  *  (E  sin  Ajpot  +  F  cos  AgU)Qt)  . 

(29) 
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In  these  equations 


and 


o  -  r[i  -  /  I  , 

(30) 

o  =  '2(’2*p  -  -  +  yevv  . 

(31) 

E  =  f2  C  VR  -  D  (1  -  2^]  , 

(32) 

F  =  -(0(1  -  2?2)  +  20  ?RAR;  , 

(33) 

r  =  (;-2  -  25j,>  +  l)'1  . 

(34) 

Rounded  Pulse  Input 


=  ( e2 /l* ) [ e” [ A { ) 2  +  B(7(uQt)  -  C]  +  e'"Raot(C  cosA^ts^t  +  D  sinAjpQt)} 


(35) 


^=—  =  ! e2/l* ) (ve'^o^-Atr-e  t)2  +  (2A  -  B)(xo  t.)  +  (B  +  C)j  +  9  e'Vo*}  , 


<D  X 

o  max 


and 


—  =  (e'^/DIrV^  [A(J%t)2  -  (UA  .  B)(7u>nt)  +  (2A  -  2B  -  C)]  +Ee*Wl  , 


Ctt  X 

o  max 


where  A,  9,  H,  E,  F,  and  r  are  defined  as  before;  out  new 
B  =  i*72(l  -  rSg)  r2  , 

C  =  272(2r36R  -  3?2  +  1)  r3  , 

d  =  2r2[y3(l  -  ££*)  +  372es  -  3?  +  E^Kr/ig)  . 


and 


(36) 


(37) 


m 

(39) 

(*0) 


Oscillatory  Step  Input 
X 

— —  =  [0.6868!*  +  e*°'2^r"'ot(A  cos  t*c  t+B  sin  7»  t)-e*5tftot(C  cos  A-*_t+D  sin  A_m it))  ,  (1*1) 

X  O  O  KO  Jl  o 


JS  X 

o  max 


- —  =  [e*0*2^  7“'o',(P  cos  /to  t  -  Q  sin  xo  t)  -  9  e'^J^o^]  , 


(J»2) 
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(1*3) 


to2x 

C  SAX 


-0*2*  -*n  t>  _ .  , 

"  '*o ‘[•7(Q  +  0*Js5r;co»  t  4  >(C*25S 


'“0*J 


-6,,a>  ti 

»  Hoi 


where  9,  E,  E,  ana  F  are  defined  as  before;  but  now 


A  -  0.31*31*2  T  ((1.625  -/2  -  2)  +  ^7(2.125  72  -  8.5  6R7  +  2)]  , 

B  »  0.3i»3l*2  t  [(1.1*6875  72  -  0.5)  -5R/(3. 961*38  y2  +  2.125  &R7  -  0.5)]  , 
C  =  0.72977  72T  (1.0625  y2  -  1)  , 

and 

D  =  -0.72977'  '>72T/AB)(1.0625  y\  -  0.57  +  Sr)  . 


In  these  equations 
P  =  /( B  -  0.25A)  , 


Q  «  7(0.25B  +  A)  , 

and 

T  =  [(1.12891  yk  -1.875  72  +  1)  -7^  (1.0625  72  -  1*.25  7^,  +  l)]'1  . 


(1*1*) 

(1*5) 

(1*6) 

(1*7) 

(1*8  > 
(1*9) 

(50) 


Representative  calculations  of  the  tran¬ 
sient  responses  that  the  foregoing  equations 
predict  for  the  linear  Mounting  systeo  are 
plotted  in  Figs.  10-13.  The  first  two  figures, 
which  were  obtained  for  the  rounded  step  input 
and  values  of  the  damping  ratio  6p  «  0.05  and 
0.5,  show  bow  the  oscillatory  notion  of  the 
■aunted  itau  is  rednesd  in  amplitude  and 
duration  by  large  Mount  damping  but,  for 
abrupt  displacement  steps,  bow  this  dapping 
introduces  a  predominant  acceleration  peat  that 
occurs  when  the  foundation  displacement  is  still 
MU.  In  fact,  when  the  deeping  ratio  is  large 
and  the  rise  tine  of  the  rsvsne-l  step  is  short 
(7  large),  this  peek  acceleration  tec  one* 
directly  proportional  to  K.  and  7  as  follows: 


^ W  *  2*'^VoW  -  2-3uVoWT 


(rounded  step)  (51) 


Although  the  MaxiMua  displacement  of  the 
nounted  item  is  samllest  when  either  (a)  the 
dssqlng  ratio  is  lar^e,  or  (b)  7  is  not  large 
(the  half-period  of  vibration  T/2  is  conparable 


with  or  less  than  t),  the  maximum  relative  dis¬ 
placement  between  K  and  the  foundation  is  of 
the  sane  order  of  magnitude  as  x_,x  once  7  is 
greater  than  about  10.  Even  high  mount  damping 
does  not  significantly  reduce  the  maximum  rela¬ 
tive  displacement  when  7  is  large. 

Figures  12  and  13  show  that  K  responds  to 
the  rounded  pulse  and  oscillatory  step  input 
displacements  in  like  manner  tc  that  predicted 
by  the  curves  of  Figs.  10  end  11  for  the 
rounded  step.  Only  the  displacement  curves  of 
Fig.  12  differ  basically  from  those  of  the 
accompanying  figures.  This  is  because,  after 
the  rounded  tulse  has  terminated,  K  oscillates 
about  its  original  undisturbed  position  rather 
than  about  a  level  displaced  from  it  by  the 
final  step  height  of  x^-.  or  0.6868  x^.,.  In 
this  situation,  the  displacement  of  Mis 
smallest  when  7  is  large  because  the  excursion 
of  the  foundation  has  then  reached  the  value 
^  and  returned  to  zerc  before  M  has  moved 
appreciably. 

Because  Figs.  12  and  13  were  calculated 
for  a  value  of  8j>  =  0.5,  predominant  accelera¬ 
tion  peaks  are  evident  in  both  figures;  more¬ 
over,  the  peak  accelerations  of  M,  to  which 


j_  I  2  3 


Wg.  11  -  Acceleration-,  velocity-,  displacement-,  and  relative 
displacement- time  relotionships  for  the  linear  system  of  Fig. 
l{a)  subjected  to  the  rounded  step  displacement  of  Fig.  «. 
Damping  ratio  =  0.;. 
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di*placement.-time  reUtioMhi^f’’  '^SP1laCcr>ent'>  “d  relative 
«•>  subjected  “  S? oS£tL5 St2*  ^  *yPtea  3f  Hg. 
Doping  ratio  =  0.5?  U  ^  7  ste?  tfsplacements  of  Fig.  6. 
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i  i- 


-  v-*»/v  cm'i  fre- 
=4^**  •  iirtfCtly  £rc 


ad  arc  the  msrlruK  values  of  i0  and  56, .  Actually, 
the  nonlinearity  reducis  the  maximum  values  of 
■<?  for  all  but  the  smaller  values  of  y  con¬ 
sidered,  although  the  maximum  vein**  of  (x^  -  x„) 
are  increased;  in  fact,  when  >  is  large,  these 
maximum  values  reach  a  level  =  x 


x  ! 

„  -a  * 


nu:;s  i  kj*t  res  h  i,s 

;AL—  rhASE"  lk\AS'l  .'< 


sc; !  iatu.'v 


y.i  -rr  system  with 


Representative  caiculat ions  cf  the  re- 
spf'uvs  ‘he  nonlinear  mounting  system  of 
Fig.  lib 5  to  the  rounded  step  and  rounded  pulse 
input  displaces?  •utr-  aie  plotted  in  Figs,  it  and 
15-  T*-*  respotise  of  the  system  to  the  oscilla¬ 

tory  step  input  is  not  shewn  because  the  acceler¬ 
ation  waveforms,  in  particular,  are  irregular 
and  overlapping  and  are  diffi-r  it  to  plot  con¬ 
cisely.  Here.'  and  subsequently,  the  lamping 
rat.o  is  assumed  to  switch  to-and-fr,.  betvee- 
the  values  of  -  5  ■-  15  ari  ^  -  '/f  -  ;.i 
as  the  magnitude  of  the  relative" velocity  across 
the  uashpc?  terminals  varies.  In  Ta.t,  the 
curves  of  Figs.  11  and  15,  and  the  dashed-line 
curves  of  the  subsequent  'dares,  have  been 
obtained  by  numerical  intt.  rat ion  of  the 
following  nonlinear  differential  equation  of 
motion  that  embodies  the  dual-phase  damping 
characteristic  of  Fig.  2: 


2Vo(*i  *  V  *  -vx>.  -  xi 


This  equat’on,  in  vhic  1  is  defined  by  Eqs. 
a -6,  ha-  been  integrated  numerically  by  digital 
computer  using  the  subroutine  described  in 
Ref  11. 

As  compared  with  the  corresponding  linear 
results  of  Figs.  D.  and  12,  the  greatest,  effects 
cf  syi'tem  nonlinearity  in  Figs.  11  and  15  are  to 
rtduce  the  maximum  velocity  and,  particularly, 
the  caxir.ua  acceleration  of  M  for  all  but  trie 
smaller  values  of  >  considered.  The  same 
ccraents  apply  when  the  linear  and  nonlinear 
r-spouses  of  the  mounting  "ystems  to  the  oscilla¬ 
tory  step  input  displacement  are  ci-pared.  The 
"jerks”  in  the  acceleration  waveforms  of  Figs, 
it  and  15  mark  the  onset  or  completion  of  a 
change  in  magr.it  ide  of  the  damning  ratio. 

The  maximum  values  vf  the  displacement  x, 
and  the  relative  ii  spia ’exeat  x,  -  x,'  of  M  are 
not  influenced  so  greatly  by  system  nonlinearity 


Note  that,  when  the  nonlinear  system  is 
subjected  to  the  rcundec  step  input,  its  dis¬ 
placement  response  exhibits  remarkably  little 
overshoot.  Also  note  that  the  nonlinear  damp¬ 
ing  has  only  small  influence  on  the  period  of 
■vibration  of  the  mounting  system  as  compared  to 
the  large  changes  in  period  observed  previously 
.1]  when  the  effect  of  nonlinear  mount  stiffness 
on  system  response  was  determined.  Here,  the 
me  -nting  system  remains  linear  until  y  la 
sufficiently  large  to  cause  the  value  of  the 
relative  velocity  across  the  dashpot  to  exceed 
-*‘oxmx  '?i6*  £’>  previously,  the  influence  of 
nonlinear  mount  stiffness  was  apparent  for  even 
s-all  values  of  y  <  1.0. 


COMPARISON  0?  MOUNT  PERFORMANCE 

The  response  of  shock  mounts  to  input 
transients  can  conveniently  be  compared  by  ref¬ 
erence  to  curves  such  as  those  of  Figa.  16-27, 
which  plot  Shock  Displacement  Ratio,  Relative 
Displacement  Raric,  Shock  Velocity  Ratio,  and 
Shock  Acceleration  Ratio,  as  functions  of  the 
parameter  y  (the  ratio  of  the  half- period  of 
♦he  mounting  system  to  the  rise  tine  t  of  the 
input  step  displacements,  or  the  duration  r  of 
the  input  pulse).  The  performance  of  the  non¬ 
linear  shook  mount  cons' dered  in  the  foregoing 
section,  for  which  0.1  <  bR  <  0.5,  is  contrasted 

in  these  figures  with  the  performance  c*  linear 
mounts  for  which  bp  =  0.05,  0.1,  and  0.5.  The 
figures  represent  design  curves  analogous  to 
the  familiar  t ransmi ss iblii ty- f requency  curves 
that  describe  the  performance  of  antivibration 
mountings.  The  values  of  y  are  such  that  the 
rise  limes  and  durations  of  the  steplike  and 
pulselike  transients  are  consecutively  cue;, 
larger  than,  of  the  sane  order  as,  ar.u  much 
shorter  than  the  half-period  of  natural  vibra¬ 
tion  of  the  mounting  systems. 

The  shock  displacement  ratio  (SIB)  and 
the  shock  acceleration  ratio  (SAR)  are  simply 
defined  es  the  ratios  of  the  maximum  displace¬ 
ments  and.  accelerations  above  and  below  the 
shock  mount.  The  relative  displacement  ratio 
(RDF)  is  the  ratio  of  the  maximal:  relative  dis¬ 
placement  across  the  system  to  the  maximum 
value  x^gj,  of  the  steplike  or  pulselike  dis¬ 
placement  of  the  foundation,  the  maximum  velo¬ 
cities  and  accelerations  of  which  are  specified 
by  Eqs.  19-21.  To  minimize  the  risk  of  carnage 
to  the  contents  of  the  mounted  item,  it  is 
desirable  that  the  foregoing  ratios  should  be 
small  simultaneously,  although  these  are  con¬ 
flicting  requirements  [ll  that  can  inly  partially 
be  reconciled  for  the  linear  mounting  system. 
Notwithstanding,  the  present  use  at  anal-phase 
damping  makes  possible  the  joint  reduction  of 
SDR  and  SAR,  although  a  simultaneous  reduction 
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Fig.  16  -  Shock  displaces «n*  ratios  ol‘  linear  "o^rts  for  which 
5 p  =  0.05,  0.1,  and  0.5,  and  of  the  nonlinear  mount  „ith  r.al- 
phase  damping  for  which  C.l  •-  0.5.  vour.ts  s-or-icv-i  to 
the  rounded  step  displacement  of  Fif.  C.; 


01  05  10  5  'C  50  CO 
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Fig.  17  -  Shock  displacement  ratios  of  linear  mounts  for  which 
Sd  =  0.05,  t.l,  and  3.5,  and  of  the  nonlinear  mount  with  dual¬ 
phase  damping  for  which  0.1  <  <  C.s.  Founts  subjected  to 

the  rounded  pulse  displacement  of- Fig.  7. 
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fig.  )o  -  Shock  displacement  ratios  of  linear  mounts  for  which 
-  0.05,  0.1,  and  0.5,  and  of  the  nonlinear  mount  with  dual- 
phase  damping  for  which  0.1  <  bp  c  0.5.  Mounts  subjected  to  the 
oscillatory  step  displacement  oi  Pig.  9. 


in  RDP.  is  not  possible.  The  shock  velocity 
ratio  (STS',  which  is  referred  to  here  for 
completeness,  is  defined  as  the  ratio  of  the 
maximum  velocities  above  and  below  the  shock 
mount,  lists  that,  in  Figs.  16-27,  the  fall-line 
curves  that  describe  the  transient  response  of 
the  linear  mounting  system  cf  Fig.  1(a)  have 
broader  significance  than  described  by  the 
figure  captions.  For  example,  the  SAR  curves 
car.  be  visualized  as  518  curves  for  input  dis¬ 
placements  defined  by  the  same  equations  as 
those  that  define  the  acceleration  pulses  of 
Figs.  *,  7,  and  Alternatively,  the  SIS 
curves  car.  be  interpreted  as  SAR  curves  for  in¬ 
put  accelerat.ons  defined  by  the  same  equations 
as  these  that  govern  the  input  steplike  and 
pulselike  displacements  of  Figs.  5,  7,  and  9. 

The  55?.  curves  for  the  rounded  step  in¬ 
put,  the  rounded  pulse  input,  and  the  os¬ 
cillatory  step  input,  are  plotted  in  Figs.  l6- 
15.  Ir.  these  figures,  --her.  ,  is  small,  the 
SDR  curves  approach  a  value  cf  unity.  When  > 
is  large,  the  337.  curves  for  the  input  steps 
attain  constant  levels  that  are  generally 
greater  than  -..r.itj ;  however,  the  338  curve  for 
the  pulse  decreases  to  a  negligible  value  since 
the  displacement  of  the  foundation  has  then 
peaked  ar.d  •■eturr.ed  to  zero  before  the  mounted 
item  M  has  moved  appreciably.  Figures  16-16 
illustrate  the  fact  that  only  for  input  tran¬ 
sients  that  are  puiselike,  or  have  other  shapes 
with  relatively  small  low-frequency  Fourier  com¬ 
ponents,  car.  the  displacement  of  M  be  reduced 
by  resilient  mounting.  In  each  figure,  the 
dashed-line  curves  clearly  indicate  hew  the  use 


of  dual-phase  damping  provides  the  lowest 
values  of  SDR  at  all  values  of  /  greater  than 
about  2.5.  (For  small  values  of  /,  the  dashed- 
line  curves  coincide  with  the  full-line  curves 
for  which  bR  -  0.5. ) 

For  both  steplike  and  pulselike  Input  dis¬ 
placements,  the  RDR  curves  of  Figs.  19-21  show 
a  like  dependence  on  r.  The  greatest  difference 
in  level  between  the  curves  occurs  at  inter¬ 
mediate  values  of  '/  since,  for  either  small  or 
large  values,  each  RDR  curve  monotonically 
approaches  the  limit  of  zero  or  unity.  Only 
in  these  figures  is  the  performance  of  the  non¬ 
lire—*  mount  less  satisfactory  than  that  of  the 
linear  mount  for  which  Eg  =  0.5-  In  fact,  as 
the  value  of  7  increases,  the  RDR  of  the  non¬ 
linear  mount  changes  in  level  from  tlat  of  the 
linear  mount  for  which  8^  =  0.5  to  that  of  the 
mount  for  which  fv  =  0.1:  however,  the  actual 
increase  in  magnitude  is  not  large  since  all 
curves  are  then  approaching  the  same  upper 
limit  of  unity  (maximum  relative  displacement  = 


Comparison  of  the  shock  velocity  ratios 
of  Figs.  22-2*»  shows  that  the  velocity  of  the 
pulselike  input  displacement  can  be  isolated 
more  effectively,  by  both  the  linear  and  non¬ 
linear  mountings,  then  can  the  velocities  of 
the  steplike  inputs.  For  the  input  steps,  the 
shock  velocity  ratios  are  influenced  only  to  a 
small  extent  by  changes  in  value  of  c^; 
further,  the  nonlinear  mount  provides  the 
lowest  values  of  3VR  at  essentially  all  values 
of  >.  For  the  input  pulse,  the  nonlinear  mount 
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relative  displacement  ratio 


y  Tr/tu0r 

Fig.  19  -  Relative  displacement  ratios  of  linear  mounts  for 
which  »  C.05,  0.1,  and  0.5,  and  of  the  nonlinear  mount  with 
dual-phase  damping  for  which  0.1  <  Ep  <  0,5.  Mounts  subjected 
to  the  rounded  step  displacement  of  Fig.  5. 


r  * 

Fig.  20  -  Relative  displacement  ratios  cf  linear  mounts  for 
which  -  0.05,  C.l,  and  0.5,  and  of  the  nonlinear  scurt  with 
dual- phase  damping  for  which  0.1  <  S»  <  0.5.  -’-'-ounts  subjected 
to  the  rounded  pulse  displacement  of  Fig.  7. 


Fig.  21  -  Relative  displacement  ratios  of  linear  mounts  for 
vh ich  C.05,  0.1,  and  0.5*  and  of  the  nonlinear  mount  with 

dual-phase  damping  for  which  0.1  <  <  0.5.  Mounts  subjected 

to  the  oscillatory  pulse  displacement  of  Fig.  9. 


Fig.  22  -  Shock  velocity  ratios  of  linear  mounts  for  which  6p  = 
0.05,  0.1,  and  0.5,  and  of  the  nonlinear  mount  with  dual-phase 
damping  for  which  0.1  <  Bj,  <  0.5*  Mounts  subjected  to  the 
rounded  step  displacement  of  Fig.  5- 
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Fig.  -7  -  Shock  acceleration  ratios  of  linear  counts  for  which 
=  5.05,  '.1,  and  0.5,  and  of  the  nonlinear  mcunt  with  dual¬ 
phase  damping  for  which  0.1  <  Er  <  0.5.  Kountr  subjected  to  the 
oscillatory  step  displacement  of  Fig.  9. 


pr. vises  'he  Icvest  SYR  .her.  •  '  5  and  the  next 
•-  ires*.  S.r  -.her.  ■  '  Y.  in  fact,  for  large 
values  'f  ■,  the  y  ■?  of  the  nonlinear  mount 
fails  err -oxoret^ly  li  an?  15.5  dB  below  the 
lowest  3  r  curves  of  Figs.  22  and  21*.  All  SYS 
r.r iecrease  at  the  rate  of  6  d3/octave  when 
1  z  • 

Shock  acceleration  ratios  for  the  step- 
like  a.r.1  rulcelike  input  transients  are  plotted 
.r.  Figs.  i'-'C'.,  ■  hich  show  that  the  levels  of 
•.re  3A?  c  .rv-o  are  alike  a:.i  of  the  crier  unity 
he-  is  or a 11.  However,  the  levels  of  the 
to  o..r;es  are  very  effectively  reduced  by  soth 
‘he  linear  and  nonlinear  -punts  when  *  is  large. 


and  each  curve  then  fells  off  at  the  rate  of 
6  dB/octave;  thus,  the  maximum  accelerations  of 
M  are  proportional  to  7  (Eqs.  51-52),  whereas 
the  maximum  accelerations  of  the  foundation  are 
proportional  to  7^  (Eqs.  19-21).  Because  the 
accelerations  of  M  are  also  proportional  to  or 
when  »  is  large  (Eqs.  51-53 ) ,  the  SAR  curves 
for  the  three  values  of  Sr  considered  here  take 
the  same  relative  levels  in  each  of  ?igs.  25-27. 
These  figures  show  that  the  nonlinear  mount  with 
dual-phase  damping  effectively  provides  both 
the  lowest  SAR  when  7  is  small  (SAR  curve  is 
ccir.cider.t  with  that  of  the  linear  mount  for 
which  =  0.5'  and  a  very  low  SAR  when  7  is 
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Xar*re  ^BAP  curv^  is  coi.ncii?”!  uith  ihst  of 
linear  mount  for  which  =  0.1  and,  therefore, 
is  il  dB  below  the  SAR  curve  for  which  f-p  =  0.5 


SUMMARY 

Hie  advantages  of  shock  mounting  lie  pri¬ 
marily  in  the  reduction  of  the  acceleration  of 
the-  mourned  item  M  that  results.  Resilient 
mount in;  must  introduce  relative  displacement 
between  t'  and  its  foundation— and,  commoniy,  the 
absolute  al splecement  of  M  is  increased  as  -c-l  1 . 
The  curves  of  Figs.  16-27  demonstrate  ho*  a  non- 
line.  r  shock  mount  with  dual-phase  damping  can 
be  extremely  effective  in  simultaneously  reducing 
or  minimizing  the  displacement  and  acceleration 
of  M,  and  its  velocity,  for  all  but  small  values 
of  /,  a  parameter  that  is  proportional  to  the 
reciprocal  of  the  rise  time  or  duration  of  the 


|  MTint  ^3  thOUfh  nr>n)  1  wp«i*  mrtijnt 

is  clearly  more  effective  than  any  of  the  linear 
shock  mounts  considered,  its  performance  remains 
similar  to  theirs  (and  io  all  other  shock  mounts/ 
in  that  (!'  its  BAR  and  SVR  are  of  the  order 
unity  when  /  is  small,  and  (2)  its  RDR  approaches 
the  value  unity  when  /is  large. 
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INTERACTIVE  OPTIMAL  DESIGN  OF  SHOCK  ISOLATION  SYSTEMS 


W.  Li.  Pilkey 
University  of  Virginia 
Charlottesville,  Virginia 


A  computational  scheme  is  described  whereby  an  optimal  shock  isolation 
system  can  be  interactively  designed.  Primary  design  criteria  and  con¬ 
straints  are  assumed  to  be  physical  variables,  e.  g.  ,  rattlespace  require¬ 
ments  and  peak  acceleration  of  a  fragile  package,  while  other  factors, 
e.  g. ,  cost,  are  acceptable  as  secondary  criteria.  No  restrictions 
regarding  linearity  or  passivity  are  placed  on  the  isolator,  Character- 
ist  s  of  the  theoretically  optimal  design  are  automatically  generated  and 
displayed  for  a  prescribed  shock  environment.  The  designer  then  con¬ 
versationally  selects  isolation  elements  and  parameters  which  lead  to  a 
system  that  behaves  similarly  to  the  theoretical  optimum.  The  computer 
program,  which  can  be  implemented  on  remote  desk-top  terminals,  then 
permits  the  user  to  study  the  sensitivity  of  his  design  to  changes  in  design 
parameters  and  shock  environment. 


INTRODUCTION 

Optimal  design  of  shock  isolation  systems 
has  been  the  subject  of  many  papers  [l].  In 
addition  to  the  trial  and  error  procedures, 
including  automated  computational  search 
techniques,  to  determine  near-optimal  isolator 
configurations  and  parameters,  a  design  ap¬ 
proach  involving  the  theoretically  optimal 
isolator  has  been  proposed.  With  this  method 
various  properties  of  the  optimal  isolation 
system  are  computed  without  regard  to  specif¬ 
ic  isolator  configurations.  Design  configura¬ 
tions  and  accompanying  parameters  can  then 
be  selected  ao  that  the  response  will  approach 
these  theoretically  optimal  characteristics. 

It  is  usually  desirable  to  introduce  numer¬ 
ous  considerations,  often  wholly  different  from 
the  primary  design  criteria,  into  a  rational 
design.  However,  automated  design  frequent¬ 
ly  precludes  the  consideration  of  all  but  those 
criteria  that  can  be  expressed  in  functional 
form.  The  designer  is  effectively  excluded 
from  the  design  loop.  In  contrast,  the  optimal 
design  procedure  proposed  here  permits  the 
designer  to  introduce  any  number  of  secondary 
design  criteria.  This  is  an  interactive  compu¬ 
tational  scheme  wherein  the  designer  remains 
on-line  with  the  computer  as  the  design 
proceeds. 

Primary  design  criteria  are  assumed  to 
be  physical  variables  such  as  peak  acceler¬ 
ations  and  rattlcspace  requirements.  Once  tht 
designer  provides  these  design  criteria  and  the 
time  history  of  the  shock  disturbance,  the 


characteristics  of  the  theoretically  optimal 
design  are  automatically  computed  as  the 
solution  to  a  mathe  "latical  programming 
optimisation  problem.  Up  to  this  point  no 
restrictions  with  respect  to  the  isolator  con¬ 
figuration,  including  linearity  or  passivity, 
are  imposed.  The  designer  then  selects  a 
trial  isolator  configuration  with  a  set  of  pa¬ 
rameters.  The  program  computes  the  re¬ 
sponse  of  the  proposed  design  and  compares 
graphically  the  resulting  design  criteria  with 
the  theoretically  optimal  criteria.  A  graphical 
comparison  is  also  made  of  the  time  histories 
for  the  trial  isolator  responses  with  the  theo¬ 
retically  optimal  time  responses.  These  two 
comparisons  provide  the  designer  with  a  quan¬ 
titative  and  qualitative,  respec*  ively,  measure 
of  the  optimality  jf  his  design.  The  designer 
may  then  inter&c'  with  the  design  process  to 
choose  better  design  parameters  or  other 
isolator  configurations.  He  may  also  impose 
other  design  criteria,  e.  g. ,  cost,  availability, 
reliability,  maintainability,  and  intangible 
factors  rived  from  past  design  experiences, 
by  intrv  .ucing  appropriate  considerations  into 
his  selection  of  parameters  and  configurations. 
Furthermore,  the  procedure  set  forth  here 
permits  the  designer  to  automatically  examine 
the  sensitivity  of  his  design  to  changes  in  pa¬ 
rameter  values  and  to  environments  other  than 
the  one  fo-  which  the  design  was  based. 

INTERACTIVE  OPTIMAL  DESIGN 

The  problem  is  to  select  suitable  shock 
isolators  for  a  mechanical  system  (Fig.  1). 

The  multitude  of  considerations  which  must  he 
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Fig.  1  -  Multiple  Isolator  System 


factored  into  an  acceptable  design  appear 
overwhelming  at  the  outset.  We  suppose  that 
the  most  important  design  criteria  are  phys¬ 
ical  responses.  For  example,  the  designer 
may  wish  to  choose  isolators  such  that  the 
peak  acceleration  experienced  by  passengers 
in  a  vehicle  is  minimized  while  the  displace¬ 
ment  cf  the  passenger  relative  to  the  vehicle 
or  surroundings  is  bounded.  On  the  basis  of 
these  types  of  response  criteria,  it  is  possi¬ 
ble  [1]  to  compute  characteristics  of  the  theo¬ 
retically  optimal  isolators  for  complex,  mul¬ 
tiple  isolator  systems.  The  interactive 
scheme  proposed  here  takes  advantage  of 
these  characteristics  in  designing  shock 
isolators  and  permits  other  design  criteria  to 
be  introduced.  We  choose  to  discuss  the  ap¬ 
proach  by  considering  the  design  of  a  single 
isolator  system.  Although  the  single  isolator 
is  selected  for  illustrative  purposes  because 
of  its  simplicity,  the  importance  of  this  model 
is  underscored  by  an  indication  { l]  that  it  is 
possible  to  design  a  multiple  isolator  system 
one  isolator  at  a  time. 

The  interactive  scheme  is  diagrammed  in 
Fig.  Z.  To  consider  the  approach  in  detail, 
we  begin  with  t..e  single  isolator  system  of 
Fig.  3.  Suppose  the  primary  design  objective 
is  to  choose,  for  a  specified  shock  disturbance^ 
an  isolator  that  minimizes  the  peak  acceler¬ 
ation  of  the  mass  while  bounding  the  relative 


Fig.  3  -  Single  Isolator 


displacement.  Thus,  tot  «  given  i(i}  iW  iso¬ 
lator  is  to  be  chosen  so  that 

max  1st 
t 

is  minimised  and 

max  ix!  <  X, 
t 

where  X  is  the  prescribed  bound  on  displace¬ 
ment. 

A  computer  program  is  then  used  to  com¬ 
pute,  on  the  baeis  of  this  problem  statement, 
the  characteristics  shewn  in  Fig.  4  and  Fig.  5 
for  the  theoretically  optimal  isolator.  The 
curve  in  Fig.  4  provides  the  limiting  perform¬ 
ance  index  for  a  range  o»  constraint  values. 


Normalized  Constraint  (m^x  Ixl/mfx  Ifl) 


Fig.  4  -  Theoretically  Optimal  Fei'formance 


time 


Fig.  5  -  Theoretically  Optimal  Time  Response 

For  a  given  constraint  value  X,  it  is  not  pos¬ 
sible  for  an  isolator  to  be  designed  for  the 
disturbance  f(t)  that  would  exhibit  a  peak  accel¬ 
eration  less  than  the  value  indicated  by  the 
intersection  of  constraint  X  with  the  theoreti¬ 
cally  optimal  isolator  performance  curve.  Fig 
5  shows  a  time  response  history  for  a  theoret¬ 
ically  cptimal  isolator  at  a  designated 
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Select  New  Carnet i«Uie  isolator  and  Design 
Parameters  with  Due  Co&sidera2»cn  oi 
.  Detign  Experience 
.  Availability 
.  Cost 
.  Reliability 
.  Maintainability 
.  Human  Factors 


Design  y 

Nclt  Satisfact  ury** 


Performance 

Index 


/tomparc  Graphically 
the  Candidate  Design 
with  the  Theoretically 
Optimal  Characteristics  \ 

I  /  Prescribed  dou  id  >» 

on  Constraint  X, 

V  J  -  Candidate  Design 

\  •  Mr 

^^-.Theoretical  Optimum 


^Response 


iC 


Candidate  Design 

Theoretical  S 
^  Optimum  / 


Design  Satisfactory 


_ Design _ 

Not  Satisfactory 


Perform 

Sensitivity  Analysis 
by  Perturbing  Disturbance 
and  Design  Parameters 
Observe  Results  Graphically 


Design  Satisfactory 


I  Design  Completec 


Fig.  2  -  Optimal  Design  of  Shock  Isolation  Systems 
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constraint  level  X. 

The  designer  next  chooses  a  candidate 
i:  olator  configuration  with  candidate  values  of 
design  parameters.  The  selection  could  be 
passive,  active,  linear  or  nonlinear.  Thus,  in 
Fig.  t>  a  linear  spring  dashpot  combination  is 


Fig.  6  -  Candidate  Isolator  Configuration  and 


Design  Parameters 

chosen  with  particular  values  of  it  and  c.  The 
peak  acceleration,  peak  relative  displacement, 
and  responses  in  time  are  computed  for  this 
isolator  by  integrating  the  equations  of  motion 
of  the  system  and  are  superimposed  on  the 
displayed  theoretically  optimal  characteristics 
of  Fig.  4  and  Fig.  5.  The  designer  then  sees 
curves  of  his  own  choosing  similar  to  those  of 
Fig.  7.  The  performance  curve  provides  a 
quantitative  indication  of  the  desirability  of 
his  candidate  design  while  the  response  curves 
give  a  qualitative  rarasure. 

The  designer  can  then  recycle  the  design 
by  selecting  t  ew  parameters  and,  if  necessary; 
a  new  configuration  to  obtain  an  improved 
isolator.  In  so  doing  he  can  introduce  any 
number  of  secondary  criteria  into  his  selection 
of  candidate  hardware.  Such  criteria  include 
availability,  cost,  maintainability,  reliability, 
and  even  human  factors.  The  successive  can¬ 
didate  designs  are  automatically  plotted  on  the 
theoretically  optimal  isolator  displays.  Typi¬ 
cal  performance  points  are  shown  in  Fig.  8. 
The  trends  observed  graphically  of  successive 
trial  designs  assist  the  user  in  selecting  the 
candidate  design  for  each  cycle.  Naturally  the 
theoretically  optimal  characteristics  are 
stored  and  need  not  he  recomputed  for  each 
iteration  in  the  design. 

After  an  acceptable,  near- optimal  iso¬ 
lator  design  is  chosen,  the  designer  may  wish 
to  perforin  a  sensitivity  analysis.  This  is 
accompli  ihed  automatically  by  programming 
the  design  scheme  to  compute  performances 
for  variations  in  design  parameters  and  input 
disturbances.  The  results  of  such  perturba¬ 
tions  are  then  superimposed  on  the  already 
available  performance  information  (e.  g. ,  as 
in  Fig.  9)  and  displayed.  If  the  sensitivity 
characteristics  of  the  candidate  design  are 
satisfactory,  the  design  is  considered  com¬ 
pleted.  If  not,  the  iterative  design  mode  is 
reentered  and  new  candidate  designs 
considered. 
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Fig.  9  -  Sensitivity  Analysis 
TECHNICAL  DISCUSSION 

The  technology  for  characterizing  theoret¬ 
ically  optimum  shock  isolation  systems  is  well 
documented  in  Ref.  1.  Those  portions  of  a 
mechanical  system  that  are  to  be  designed, 
e.  g. ,  the  isolators,  are  represented  by  time 
varying  forces.  The  optimization  problem  of 
finding  these  forces  for  which  system  con¬ 
straints  are  satisfied  and  the  performance 
index  minimized  is  one  of  mathematical 
programming.  Performance  index-constraint 
tradeoff  curves  are  found  by  solving  the  mathe¬ 
matical  programming  problem  for  a  range  of 
constraint  values. 

In  general  the  optimization  problem  falls 
into  the  category  of  nonlinear  p.-  ogramming, 
which  is  difficult  to  treat,  even  computationally, 
for  large  systems.  Some  systems  of  limited 
degrees-of-freedom  can  be  handled  with  dy¬ 
namic  programming.  However,  if  those 
portions  of  the  system  that  are  not  oeing 
designed  are  linear  and  the  overall  system 
kinematics  is  linear,  the  problem  is  one  of 
linear  programming  for  which  effective,  large- 
scale,  efficient  computer  programs  are  avail¬ 
able.  No  restrictions  with  regard  to  linearity 
are  placed  on  the  isolators. 

K  problem- oriented  computer  program  for 
determining  the  theoretically  optimum  per¬ 
formance  for  multi- degree- of- freedom  dy¬ 
namic  systems  under  arbitrary  transient 
disturbances  is  now  being  prepared  for  NASA/ 
Langley  by  the  University  of  Virginia.  This 
program  viil  provide  both  the  theoretically 
optimum  response  time  trajectories  and  the 
performance  index- constraint  tradeoff  dia¬ 
grams  employed  in  the  interactive  design 
schrme. 


The  theoretically  optimum  isolator  can  be 
achieved  with  simple  graphical  techniques  [1] 
for  single-degree-of-freedom  isolators. 

IMPLEMENTATION 


The  optimum  design  scheme  is  ideally 
suited  for  implementation  on  an  on-line 


computer  graphics  capability.  It  can  also  be 
fully  implemented  on  standard  time-sharinc 
computers  with  remote  ;»■  rtabl-  terminals. 

This  vas  accomplished  for  single  isolator 
systems.  The  theoretically  optimum  isolator 
characteristics  for  design  criteria  chosen  by 
the  designer  are  automatically  generated  using 
the  graphical  method.  These  character :stics 
are  then  stored  and  retritved  ."•«  needed  during 
the  comparisons  with  candidate  isolator 
designs  and  the  sensitivity  responses.  Numer¬ 
ical  integration  of  the  equations  of  motion  for  a 
design  concept  permits  the  determination  of 
the  responses  of  a  generic  isolator  configura¬ 
tion  with  arbitrary  disturbances.  The  user  can 
compare  the  performance  of  candidate  designs 
with  the  theoretically  optimum  performance- 
constraint  tradeoff  diagram  or  with  the  theo¬ 
retically  optimum  time  responses  or  with  both. 
The  complete  design  scheme  is  controlled  using 
a  problem-  oriented  language. 

Various  near-optimal  isola.ors  were 
designed  with  the  program.  From  the  stand¬ 
point  of  primary  design  criteria,  the  results, 
as  expected,  were  comparable  to  the  non¬ 
interactive  procedures  described  in  Ref.  1. 
However,  with  the  interactive  approach, 
numerous  secondary  ciiteria  can  be  easily 
factored  into  the  design. 

SUMMARY 

A  versatile  computational  scheme  for  the 
interactive  optimal  design  of  shock  isolation 
systems  has  been  outlined.  Near- optimal 
designs  are  selected  such  that  isolator  re¬ 
sponse  characteristics  approach  those  of  the 
theoretically  optimal  design.  The  designer  is 
permitted  to  introduce  his  experience  into  the 
design  a  *  well  as  multiple  design  criteria  and 
constraints.  A  port  design  sensitivity  analysis 
option  is  also  provided  the  user. 
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DESIGN  OF  HIGH-PERFORMANCE 
SHOCK  ISOLATION  SYSTEMS 


Ronald  L.  Eshleman 
IIT  Research  Institute 
Chicago,  Illinois 


Shock  isolation  of  fragile  systems  from  high  frequency  ef¬ 
fects  generated  by  high  loading  rates  and/or  random  multi¬ 
frequency  input  displacjment  signatures  requires  the  use  of 
new  design  techniques  and  procedures.  A  fundamental  phy¬ 
sical  understanding  of  the  shock  isolator's  dynamic  behavior 
provides  the  basis  for  these  techniques.  These  design  pro¬ 
cedures  and  techniques  were  developed  and  utilized  in  a 
recent  study  for  the  Space  and  Missile  Systems  Organization 
(SAMSO)  to  evaluate  classes  of  mechanical  shoe*  isolators 
with  respect  to  their  function  in  a  specified  shock  environ¬ 
ment.  This  paper  describes  these  techniques  and  procedures 
as  they  apply  to  the  design  of  high-performance  shock  iso¬ 
lation  systems.  The  specification  of  shock  environments 
is  discussed  in  general  terms,  and  the  environment  is  spec¬ 
ified  by  a  pulse.  Isolation  system  performance  criteria 
are  prescribed  in  terms  of  equipment  fragility  levels  and 
rattlcspace.  Isolator  concepts  w.th  long  stroke  capability 
useful  in  shock  applications  are  described.  The  procedures 
in  modeling  isolators  and  shock-isolation  systems  for  anal¬ 
ysis  and  experimentation  utilize  distributed  parameter  des¬ 
criptions.  Analytical  and  experimental  techniques  for  use 
on  the  selected  models  are  described.  The  experimental 
and  analytical  results  of  this  paper  show  conclusively  chat 
single  degree -of- freedom  models  cannot  adequately  simulate 
isolator  behavior.  The  isolator  must:  be  modeled  as  a 
mult idegrte -of -freedom  system  having  distributed  mass, 
damping  and  elasticity. 


INTRODUCTION 

Shock  isolation  of  fragile  systems 
from  high  frequency  effects  generated 
by  high  loading  rates  and/or  random 
multi  frequency  input  displacement  signa¬ 
tures  requires  special  design  techniques 
and  procedures.  A  fundamental  physical 
understanding  of  the  shock  isolator's 
dynamic  behavior  provides  the  basis  for 
these  techniques.  The  subject  design 
procedure  utilizes  a  judicious  combi¬ 
nation  of  analyses  and  experiments  to 
develop  and/or  select  the  isolator  and 
the  system. 

The  design  philosophy  of  this  paper 
was  developed  from  a  recent  study  *  1} 
for  S&ftO.  Classes  of  mechanical  shock 
isolators  were  evaluated  with  respect 
to  their  performance  in  a  specified  en¬ 
vironment.  This  study  verified  analyt¬ 
ically  and  experimentally  that  single 


degree-of- freedom  models  cannot  be  used 
to  simulate  an  isolator’s  dynamic  be¬ 
havior.  The  isolator  must  be  modeled 
as  a  maltidegree-of-freedom  system 
having  distributed  mass,  damping  and 
elasticity.  The  mathematical  models  of 
pertinent  shock  isolators,  used  for  ex¬ 
periment  and  analysis,  are  included  in 
Appendix  A.  An  examiJe  design  of  an 
in-silo  shock  isolation  system  is  given 
in  Appendix  B. 

The  subject  design  procedure  is  com¬ 
posed  of  the  following  related  steps. 

•  Environment  and  performance 
specification. 

•  Conceptual  design. 

•  Isolator  and  system  modeling. 

•  Dynamic  response  analysis. 
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•  System  parameter  optimization. 

•  Experimental  characterization 
and  verification. 

The  initial  step  in  any  design  pro¬ 
cedure  is  the  specification  of  the  sys¬ 
tem  environme  and  the  statement  of 
the  system  perrorroance  requirements. 

The  system  environment  is  specified  in 
the  form  of  a  displacement-time  pulse; 
the  performance  requirements  are  given 
in  terms  of  rattlespace  and  equipment 
fragility  levels.  The  conceptual  de¬ 
sign  of  the  system  configuration  and 
of  the  shock  isolators  provides  the 
basis  for  the  shock  *  sola t ion  system 
development.  The  ca >ceptuai  design 
stage  of  this  process  is  largely  an 
innovative  pro<«.ssf  and,  therefore,  its 
success  denco&s  on  the  ingenuity  of  the 
engineer.  The  isolator  and  system  are 
modeled  for  mathematical  and/or_  experi¬ 
mental  analysis.  In  addition,  this 
model  is  utilized  for  ?  system  parameter 
optimizati m.  Mathematical  models  of 
the  system  simulate  the  a>  nfiguration 
kinematics,  global  response,  and  the 
mass,  elastic  and  damping  properties  of 
its  isolators  (local  response). 

Experimental  models  are  designed  to 
characterize  the  isolator's  behavior 
(if  it  is  not  known)  and  to  verify  sys¬ 
tem  performance.  The  dynamic  response 
analysis  simulates  the  action  of  the 
shock  isolation  system  under  its  pre¬ 
scribed  environmental  conditions.  The 
quality  and  detail  of  the  simulation 
will  be  dependent  on  the  analytical 
technique  employed.  The  modeling  and 
analysis  tasks  are  related  intimately 
to  determine  the  resulting  simulation. 
System  meter  optimization  yields 
the  best  system  under  the  constraints 
impose^.  These  constraints  may  include 
rattlespace.  Isolator  type.  Isolated 
item  size,  etc.  Experiments  described 
herein  are  on  scaled  versions  of  .the 
system.  They  are  utilized  to  determine 
the  physical  characteristics  of  the 
isolator  including  its  force-motion 
description.  The  final  step  in  this 
procedure  is  the  scale  model  experi¬ 
mental  verification  of  the  system's  per¬ 
formance.  The  ensuing  sections  of  the 
paper  describe  these  procedures  and 
techniques  in  detail. 

ENVIRONMENT  AND  PERFORMANCE 
SPECIFICATION 

A  shock  environment  is  characterized 
as  a  disturbance  —  displacement,  vel¬ 
ocity,  acceleration  or  force  —  whose 
duration  is  short  relative  to  the 
characteristic  period  of  the  system. 
Equipment,  personnel  and  systems  are 
subjected  to  many  types  of  shock 


environments,  which  are  categorized  for 

C ranspurta t lull ,  manufacturing  and  mili¬ 
tary  applications.  Characterization  f2] 
of  these  environments  is  available  in 
the  form  of  shock  spectra  (response  of 
the  system  is  a  measure  of  its  environ¬ 
ment)  acceleration- frequency  envelopes, 
and  force  and  motion-time  curves.  Up  to 
this  time  designers  have  found  it  most 
convenient  to  use  the  shock  spectrum 
approach  [3]  which  is  simple  and  logical; 
however,  much  detail  is  lost  due  to  Its 
linear,  modal  foundations. 

The  analytical  and  experimental 
techniques  described  in  this  paper  uti¬ 
lize  force  or  motion-time  curves.  Spec¬ 
ification  of  the  pulse  shape  in  this 
manner  has  an  advantage  in  that  the  res¬ 
ponse  permits  simple  verification  of 
compliance  with  specifications.  The  ex¬ 
ample  problem  of  Appendix  B  has  a  typi¬ 
cal  displacement-time  characterization 
(Fig.  l)  of  free  field  motion  generated 


Fig.  1  -  Typical  environmental 
shock  pulse 

by  a  weapon  detonation.  Morrow  [4]  ar¬ 
gues  the  greater  value  of  force  controlled 
shock  testa  on  the  basis  that  a  better 
environmental  simulation  is  obtained  for 
the  degree  of  complexity  of  the  teat. 

Of  course,  such  a  method  is  dependent  on 
the  available  data  on  the  environmental 
pulse  and  on  the  impedance  of  the  con¬ 
taining  structure.  One  distinct  dis¬ 
advantage  of  this  method  is  that  only 
small  tolerances  on  the  pulse  shapes  are 
allowed  because  the  system  response  Is 
very  sensitive  to  pulse  shape  variations. 
In  the  past,  therefore,  investigators 
have  not  been  eager  to  use  this  method 
because  of  the  uncertainty  of  the  pulse 
rise  times,  decays  and  magnitudes.  It 
must  be  noted,'  however,  that  Increasing¬ 
ly  sophisticated  instrumentation  and 
better  simulation  tests  have  made  this 
method  credible.  In  addition,  sensi¬ 
tivity  analysis  techniques  allow  cal¬ 
culation  of  the  sensitivity  of  the  sys¬ 
tem  response  to  environmental  pulse 
variations. 
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Every  Isolator  or  Its  system  has  a 
measure  of  performance  and/or  strength 
of  inn#  nf  short-term  duration. 

This  measure  commonly  is  called  its 
fragility  level.  Fragility  is  used  as 
a  quantitative  index  of  the  function  and 
strength  of  equipment  subjected  to  shock 
and  vibration  environments.  The  quanti¬ 
tative  index  for  fragility  is  expressed 
in  terms  of  a  system's  acceleration  re¬ 
sponse  and  is  referred  to  in  terms  of  g, 
ravitational  acceleration.  The  fragil- 
ty  level  is  stewed  in  either  a  plot  of 
acceleration  response  as  a  function  of 
time,  an  allowable  response  pulse,  or  a 
plot  of  maximum  acceleration  as  a  func¬ 
tion  of  frequency.  A  simple  comparison 
of  response  envelopes  to  a  stated  per* 
formance  specification  then  shows  the  d 
degree  of  systems  conformity  to  design 
specifications. 

It  is  possible  to  use  a  performance 
specification  on  the  global  motion  of 
the  shock  isolation  system  while  having 
constraints  on  the  system  rattlespace, 
isolator  performance,  and  any  number  of 
equipment  responses.  A  satisfactory  en¬ 
vironment  provided  to  personnel  and 
equipment  by  the  shock  isolation  system 
is  its  principal  function. 

CONCEPTUAL  DESIGN 

The  development  of  more  sophisticated 
electrical,  optical  and  mechanical  equip¬ 
ment  sensitive  to  high  frequency  effects 
and  the  subjugation  of  such  equipment  to 
more  severe  shock  env  ronments  have 
dictated  a  need  for  high  performance 
shock  isolation  systems.  Stringent  de¬ 
mands  for  shock  mitigation,  therefore, 
are  placed  on  shock  isolation  systems 
that  support  equipment  in  missile  launch 
facilities,  artillery  weapons  and  trans¬ 
portation  devices. 

In  order  to  develop  shock  isolation 
systems  that  meet  these  demands,  system 
and  isolator  concepts  that  provide  maxi¬ 
mum  development  possibilities  must  be 
obtained.  Cognizance  of  the  fundamental 
characteristics  of  shock  isolation  sys¬ 
tems  is  essential  to  successful  concep¬ 
tual  design.  The  function  of  any  com¬ 
ponent  or  system  is  constrained  by  its 
conceptual  design  because  optimization 
techniques  use  the  concept  as  a  base. 

(A  variation  of  this  theme  is  described 
later  in  this  paper).  Since  there  is  no 
methodical  nay  to  synthesize  concepts, 
ingenuity  and  experience  are  necessary. 

Experience  has  shown  that  selection 
of  a  shock  isolation  system  configura¬ 
tion  concept  and  a  shock  isolator  con¬ 
cept  should  have  kinematic  emphasis  be¬ 
cause  the  basis  of  shock  isolation  is 
ccntro1 led.  constant  force  motion. 


More  often  than  not,  rattlespaee  re¬ 
stricts  the  degree  of  isolation  of  a 
e'.ot-a Kinetic  cons  1  dere 1 ions  —  r,  im¬ 
portant  and  can  be  handled  within  the 
original  kinematic  constraints  of  the 
concept.  The  pendulum  shock  suspension 
concept  shown  In  Fig.  2  is  an  effective 
system  configuration  because  it  allows 


Fig.  2  -  Schematic  of  pendulum  type  shock 
isolation  system  configuration 

isolation  in  all  directions.  The  pen- 
dulus  motion  of  the  equipment  mounting 
platform  provides  isolation  in  the  hori¬ 
zontal  plane,  and  the  shock  isolators 
provide  isolation  in  the  vertical  direc¬ 
tion.  This  concept  has  many  develop¬ 
mental  possibilities;  damping  and  an¬ 
gular  flexibility  could  be  imposed  at 
the  isolators,  at  the  external  attach¬ 
ment  points  and  at  the  platform  isola¬ 
tor  attachment  point.  A  second  system 
configuration,  shown  in  Fig.  3  (devel¬ 
oped  In  Appendix  B) ,  suggests  the  use 


Fig.  3  -  Isolator  support  system 

of  mechanical  isolators  for  isolation 
and  support.  This  system  also  has  de¬ 
velopmental  possibilities  but  is  re¬ 
stricted  by  successful  isolator  design. 
The  kinematic  description  ^Appendix  B) 
of  the  spring-equipment  system  is  essen¬ 
tial  in  large  equipment  motions.  In 


ck>»t  c.isi-s  the  l.i  rite  motions  of  the  shock 
isolation  system  cause  kinematic  non- 
linearities  and,  if  possible,  the  prob¬ 
lem  must  be  alleviated  in  the.*  conceptual 
design.  Otherwise,  these  nonlinearities 
cause  difficulties  in  system  analysis, 
experimentation  and  optimization. 

The  conceptual  design  of  new  shock 
isolators  (based  on  definite  system  re¬ 
quirement)  has  been  rare  up  to  this 
point,  because  the  requirements  gener¬ 
ally  are  not  understood.  During  devel¬ 
opment  of  an  isolator  concept,  four 
factors  must  be  considered:  function, 
reliability,  maintainance  and  cost. 
Functional  considerations  should  have 
top  priority.  A  high-performance  shock 
isolator  has  the  following  properties: 
a  long  stroke  capacity,  a  facility  to 
attenuate  high-frequency  environmental 
disturbances  and  a  composition  that  con¬ 
trols  the  generation  of  internal  waves. 
The  last  requirement  implies  that  the 
elastic  and  mass  properties  of  the  shock 
isolator  are  proportioned  with  damping 
to  control  wave  propagation  and/or  gen¬ 
eration;  therefore,  ioc'  \  damping  with¬ 
in  the  isolator  is  important.  Most 
commercially  available  isolators,  which 
are  used  for  vibration  isolation,  are 
short  stroke  Inflexible  devices.  There 
is  a  need  for  development  of  long  stroke 
isolators.  In  order  to  achieve  this 
goal,  a  balance  between  stroke  and 
flexibility  must  be  attained;  this  avoids 
bottoming  of  coils.  Care  must  be  exer¬ 
cized  to  size  isolators  so  that  induced 
loading  rates  do  not  exceed  the  Isola¬ 
tor’s  particle  velocity;  if  this  docs 
occur,  a  jump  discontinuity  similar  to 
a  shock  wave  will  result.  Some  of  the 
springs  that  show  feasibility  for  de¬ 
velopment  into  high-performance  shock 
isolators  are  discussed  below  with  re¬ 
spect  to  their  working  mechanisms  and 
their  characteristics. 


Helical  Coll  Spring  (Fli.  4) 


This  is  a  good  long  stroke  isolator 
with  minimal  local  damping.  Its  working 
mechanism  is  the  torsion  of  the  coil 
’.'ire.  In  order  to  use  successfully  the 
helical  coil  spring  as  a  high-performance 
cihock  isolator,  Its  conceptual  design 
must  be  reworked  to  Include  local  damping 
other  than  material  hysteresis. 


Fig.  5  -  Stranded  wire  spring 


The  stranded  wire  spring  is  an  adap¬ 
tation  of  the  helical  coll  spring  and  i 
a  high-performance  shock  isolator.  Th* 
helix  of  the  spring  must  be  opposite  i 
direction  to  the  helix  of  the  strands, 
so  that  the  strands  bind  together  wher 
the  spring  is  compressed;  this  causes 
coulonib  friction  forces  between  wire 
strands  and  yields  good  local  damping 
Its  force-motion  character! sties,  how¬ 
ever,  have  not  been  determined  accurately. 

Ring  Spring  (Fig,  6) 


Fig.  6  <*  Ring  spring 


The  ring  spring,  which  depends  on 
circumferential  tension  and  compression 
of  the  rings  for  its  working  mechanism, 
has  excellent  local  damping  properties 
due  to  the  friction  bel:*een  rings.  The 
friction  force  ie  a  function  of  displace¬ 
ment,  but  the  ring  spring  has  small  dis¬ 
placement  capabilities.  This  problem 
can  be  alleviated  by  stacking  or 
splitting  rings. 
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Fig.  7  -  Belleville  spring 

The  washers  that  compose  the  Belle¬ 
ville  spring  are  stressed  radially  and 
circumferentially  to  resist  motion. 

Many  washers  must  be  stacked  to  obtain 
large  motions.  A  nonlinear  spring,  the 
Belleville  spring  can  be  designed  so 
that  a  hard  to  soft  spring  constant  de¬ 
sirable  for  shock  isolation  is  obtained. 
Local  damping  can  be  introduced  by  par¬ 
allel  elements  or  contained  fluids. 


Liquid  Spring  (Fig.  8) 


This  is  probably  one  of  the  most  de¬ 
sirable  shock  isolators  since  it  works 
on  compressibility  of  the  fluid.  In 
addition,  its  stroke  is  proportional  to 
the  volume  of  constrained  fluid,  its 
local  damping  is  inherent  and  its  wave 
propagation  velocities  are  high.  The 
isolator  stroke  can  be  long  by  designing 
it  with  a  large,  flexibly  structured, 
fluid  reservoir.  This  adds  to  the  flex¬ 
ibility  of  the  device. 


Fig.  9  ■  Fneumatic  spring 

The  pneunatic  spring  has  characteris¬ 
tics  and  a  working  mechanism  similar  to 
those  of  the  liquid  spring  except  for 
the  lighter  nedium.  It  is  an  excellent 
high-performance  shock  isolator  as 
commercially  constructed,  and  its  flex¬ 
ibility  can  be  adjusted  by  variation  of 
air  pressure. 

Elastomers  (Fig.  10) 


Elastomeric  elements  work  on  the 
basis  of  materials  in  compression  or 
shear.  They  have  tremendous  possibil¬ 
ities  for  development  into  high- 
performance  shock  isolators  because 
both  ns  ter la Is  and  geometry  can  be  syn¬ 
thesised.  The  synthesis  of  a  material 
to  give  optimum  local  damping  is  feasi¬ 
ble,  and  the  generation  of  a  long  stroke 
capability  through  geometrical  design 
is  possible. 
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MODELING 


Modeling  of  dynamic  systems  often  re¬ 
ceives  too  little  attention  In  design 
and  analysis.  Specific  fundamental  re¬ 
search  In  this  area  has  been  rare;  how- 
eve?,  data  and  procedures  on  modeling 
are  scattered  throughout  many  texts  and 
papers.  Models  are  used  to  simulate  a 
process  or  function  of  a  machine  numeri¬ 
cally  and  experimentally  and  to  verify 
the  function  of  conceptual  designs.  In 
this  paper,  experimental  models  are  uti¬ 
lized  to  determine  the  response  or  natu¬ 
ral  frequencies  of  a  system  and  to  de¬ 
termine  the  force-motion  characteristics 
of  Isolation  elements.  Experimental 
models  may  range  from  full  to  subscale 
sizes.  Analytical  simulation  models 
provide  full-scale  numerical  simulation 
of  a  shock  Isolation  system's  natural 
frequencies  and  its  response  to  environ¬ 
mental  disturbances.  Models  for  the  pre¬ 
viously  described  shock  isolation  ele¬ 
ments  are  included  in  Appendix  A. 

Digital  simulation  of  shock  isolation 
systems  is  feasible  provided  the  concep¬ 
tual  design  of  the  system  is  modeled  so 
that  it  properly  simulates  mass  elasticity 
and  damping.  In  the  simulation  process, 
modeling  error  and  numerical  error  are 
Important.  Since  good  numerical  techni¬ 
ques  cannot  overcome  a  bad  model,  model¬ 
ing  error  must  bs  controlled  cloj,ely. 

In  modeling  the  elasticity  of  shock 
Isolation  systems,  the  relative  flexi¬ 
bility  of  each  component  must  be  derived. 
Often  this  means  expressing  the  flexi¬ 
bility  of  a  component  in  terms  of  an 
equivalent  length  of  beam,  plate  or  other 
structural  element.  A  force  motion  curve 
of  a  component  is  used  to  obtain  basic 
data.  Through  comparison  of  component 
flexibilities,  those  of  higher  order  mag¬ 
nitude  can  be  modeled  as  rigid  links, 
while  those  of  very  low  order  magnitude 
provide  means  of  uncoupling  portions  of 
the  models.  During  the  process  of  model¬ 
ing  flexibility,  mass  distribution  must 
be  recognized.  In  mess  modeling,  com¬ 
ponent  masses  are  compared  with  the  total 
system  mass.  In  modeling  mass  and  elas¬ 
ticity,  the  Information  expected  from  a 
simulation  must  be  known.  Natural  fre¬ 
quencies  and  mode  shape a  of  linear  sys¬ 
tems  are  influenced  by  the  relative  dis¬ 
tribution  of  mass  and  elasticity. 

Damping  modeling  is  difficult  because 
the  modeling  method  depends  upon  the  way 
in  which  a  particular  damping  force  is 
related  to  motion.  The  following  cate¬ 
gories  and  their  mathematical  descrip¬ 
tion  have  been  offered  by  Reed  [5]. 


e  Viscous 

e  Velocity 

a  Material- 
displacement 

e  Material- 
viscoelastic 


eiH 

C2(H)  (sgn  ff* 

C3|xJ  (agn  |f) 

<H> 


a  Coulomb  Cj 

where: 

x  is  relative  displacement,  ~  la 

relative  velocity,  and  C,  are  con¬ 
stants. 

Viscous  and  velocity  damping  forces 
are  common  in  isolators;  both  are  pro¬ 
portional  to  the  relative  velocity  of 
the  Isolator  structure.  Viscous  damping 
is  common  in  fluid  films  and  joints. 
High-rate  phenomena  typical  or  this 
application  are  described  by  velocity 
damping,  which  is  proportional  to  the 
relative  velocity  of  its  internal 
structure  to  a  power. 

Linear  elastic  materials  exhibit  dis¬ 
placement  damping  properties  such  that 
the  damping  force  is  proportional  to  the 
stress  history  of  the  material.  Dis- 

flacement  damping,  in  which  the  force 
a  proportional  to  a  coulomb  friction 
coefficient  and  the  displacement  can  re¬ 
sult  from  such  isolators  as  e  ring 
spring,  has  been  valuable  in  attenuating 
high-frequency  surge  waves.  Nonlinear 
rubber- like  materials  exhibit  visco¬ 
elastic  behavior,  in  this  case,  the 
damping  force  la  proportional  to  the  de¬ 
formation  and  its  time  derivative.  This 
damping  mechanism  is  found  in  elastomers, 
elastomer  coatings,  adhesives  and  vis¬ 
coelastic  structures.  Coulomb  friction 
energy  dissipation,  the  final  damping 
mechanism  considered,  usually  occurs  in 
conjunction  with  the  other  damping  mech¬ 
anisms. 

If  modal  response  techniques  are 
utilized,  damping  data  must  be  described 
as  a  function  of  system  mode  shapes.  All 
damping  mechanisms  then  must  be  described 
in  the  form  of  equivalent  viscous  desping. 
When  e  propagation  analysis  is  performed, 
a  more  exact  physical  description  (in 
terms  of  mathematical  functions  pre¬ 
viously  described)  can  be  used.  This 
latter  method  has  distinct  advantages 
because  it  yields  more  fundamental  in¬ 
formation  end  is  not  constrained  to 
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linear  analysis;  therefore.  It  is  re¬ 
commended  over  modal  methods.  The  design 
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terns  requires  that  isolator  models  with 
simulated  distributed  mass,  damping  and 
elasticity  be  used.  High  frequency  ef¬ 
fects  are  simulated  and  local  response 
is  obtained.  The  local  behavior  of  the 
isolator  determines  its  value  to  the  sys¬ 
tem. 


For  system  global  response,  simple 
lumped-parameter  system  models  are  ade¬ 
quate.  Past  experience  with  isolators 
and  isolation  systems  has  shown  that  a 
combination  continuous-element,  lumped- 
mass  system  provides  the  best  prediction 
of  the  response  of  complicated  dynamic 
sy items.  The  system  is  modeled  into 
stations,  as  shown  in  Fig.  11,  in  which 
the  station  is  composed  of  a  continuous 


integration  steps.  The  size  cf  the  time 
steps  depends  on  proper  description  of 
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ity  of  the  numerical  integration  routine. 

Experimental  simulation  of  shock  iso¬ 
lation  system  response  usually  requires 
scaled  system  models.  The  example  prob¬ 
lem  of  Appendix  B  shows  the  process  of 
obtaining  a  scaled  experimental  model. 

The  shock  isolation  system's  isolators 
are  designed  from  kinematic  considera¬ 
tions.  The  dynamic  characteristics  of 
the  shock  Isolator  are  retained  as  analyt¬ 
ically  derived  scaling  relationships 
(given  in  Appendix  A).  These  relation¬ 
ships  are  obtained  by  making  the  systems 
equations  of  motion  nondimensional  r 7] . 

The  resulting  nondimensional  parameters 
are  scaling  relationships  that  retain 
important  system  parameters,  even  though 
small-scale  models  are  used;  for  ex¬ 
ample,  for  a  helical  spring,  the  fol¬ 
lowing  relationships  hold  between  the 
model,  M  and  the  prototype,  P. 


t  •  4*ntity 
L  •  I««itth 
A  *  *r«M 


t  •  Modulus  of  «U«Kidtjr 
C*  •  distributed  ds^lftc 
C  •  relative  tup  id, 
parallel  dsapiap 


c  •  dating  t»  irouad 
k  ■  '  Uaibility  to  ground 
H  •  lumped  Mass 

F(t)  •  emvlroflMettal  disturbance 


where 

N  *  nunber  of  springs  in  coil 
0  »  coil  diameter 
d  *  wire  diameter 


Fig.  11  -  Model  station 

element  and  lumped  mass.  External  springs, 
dissipative  elements  and  forcing  functions 
are  permitted  at  each  mass  station,  along 
with  relative  lumped  damping  and  contin¬ 
uous  material  damping.  As  many  stations 
of  this  type  as  are  needed,  or  wanted, 
to  describe  the  isolation  system  proper¬ 
ly  are  selected.  This  procedure  for 
handling  complex  multidegree-of-freedom 
systems  has  been  utilized  by  IITRI  to 
good  advantage  in  ship  shafting  systems? 6] . 
The  full  utilization  of  these  techniques, 
including  modeling  of  distributed  mass  in 
awkward  situations,  is  described. 

Environmental  disturbance  modeling  is 
dependent  on  the  selected  analytical 
technique.  For  modal  analysis,  the  en¬ 
vironmental  disturbance  is  characterized 
by  a  Fourier  series,  and  each  harmonic 
term  is  utilised  as  an  input  function. 

The  resulting  response  is  obtained  by 
suamdng  the  term-by-term  response.  For 
a  propagation  ana lysis,  the  input  dis¬ 
turbance  is  divided  into  finite  time  in¬ 
crements,  which  are  sized  to  the  numerical 


G  *  shear  modulus 
mg  »  spring  mass 

"  *  natural  frequency 

M  »  isolated  mass 

For  best  results,  the  scaled  model 
should  not  be  distorted  by  having  dif¬ 
ferent  system  natural  frequencies.  Note 
that  these  two  pavameters  ensure  only 
scaled  mass  and  elastic  properties;  for 
response  scaling,  damping  and  environ¬ 
mental  parameters  also  must  be  con¬ 
sidered.  The  example  problem  of  Appen¬ 
dix  B  was  experimentally  modeled  to  use 
full-scale  environmental  in;  :  distur¬ 
bances.  A  word  of  caution  in  order, 
however,  because  it  is  not  always  pos¬ 
sible  to  design  scaled  experimental 
models,  i.e.,  sections  may  become  too 
small  to  fabricate,  the  scaling  of 
damping,  (and  thus  response)  parameters 
may  not  be  compatible  with  other  system 
requirements  and  the  scale  model  size 
may  not  be  compatible  with  available 
shock  test  machines  or  fixtures. 
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To  analyze  the  response  of  shock  Iso¬ 
lators  and  shock-isolation  systems  at 
hi§h  loading  rates,  t'ne  fundamental  force- 
motion  characteristics  of  the  isolator 
often  must  be  determined  experimental ly. 
This  involves  determining  stiffness  and 
damping  parameters  as  a  function  of  rate, 
frequency  and  space.  The  discussion  of 
damping  showed  how  these  forces  may  vary. 
It  Is  important  that  experimental  models 
to  determine  basic  physical  characteris¬ 
tics  are  designed  so  that  individual 
forces  can  be  separated  according  to 
their  working  mechanism:  For  example,  In 
a  liquid  spring,  the  fluid  damping  force 
should  be  found  independent  of  the  fluid 
stiffness,  or  some  method  of  analyzing 
the  data  to  achieve  this  goal  must  be 
achieved.  Data  of  this  type  are  needed 
if  analysis  that  predicts  system  dynamic 
response  is  to  be  obtained. 

In  conclusion,  the  design  of  experi¬ 
mental  models  depends  on  the  distributed 
properties  of  the  isolator,  the  kinematic 
properties  of  the  shock  isolation  system, 
the  input  environmental  disturbance  and 
the  available  test  machine  or  fixture. 

ANALYSIS 

The  successful  prediction  of  shock- 
isolation  system  and  component  response 
depends  on  the  analytical  technique  used. 
After  the  problem  has  been  modeled,  and 
both  the  physical  properties  of  the  sys¬ 
tem  and  the  input  loading  determined,  an 
analytical  technique  must  be  chosen,  de¬ 
pending  on  several  aspects  of  the  problem. 

•  linearity 

•  form  of  damping  information 

•  mathematical  form  of  loading 

•  detail  of  response 

Insight  into  this  problem  has  been  gained 
from  a  5AMS0  study  and  the  resulting 
point  of  view  was  formed. 

First,  good  shock  isolators  are  long- 
stroke  elements  in  which  constant  force 
is  sought.  This  fact  more  or  less  implies 
nonlinearity  of  isolator  daaping  and 
stiffness  properties.  The  important  fact 
is  that  linear  analytical  methods  are 
seriously  hampered  by  this  restriction, 
which  quickly  rules  out  the  use  of  modal 
response  analytical  techniques  (since 
they  are  tied  to  the  linear  combination 
of  weighted  modal  functions  to  derive  the 
systesrs  response).  A  propagation  method 
of  solution  from  initial  value  definition 
and  system  constraints  provides  a  good 
response  prediction  because  it  is  im¬ 
plicitly  a  transient  analysis  used  to 
analyze  a  transient  phenomenon ;  i.e., 
shock.  In  this  case,  finite-difference 


or  finite-element  models  of  the  system 
are  utilized  to  perform  the  analysis, 
depending  on  the  size  of  the  model.  Of 
course,  solution  stability  must  be  con¬ 
sidered  In  the  selection  of  a  finite- 
difference  model.  In  highly  nonlinear 
systems,  this  is  a  problem  and  may  be 
more  difficult  than  the  solution  of  the 
problem.  In  linear  systems,  a  simple 
relationship  exists  between  the  space 
and  time  step  size,  depending  on  the 
wave  constant  of  the  Isolator.  The  sec¬ 
ond  Important  consideration  relates  to 
the  detail  of  the  response  —  a  suffi¬ 
ciently  small  time  and  space  interval 
must  be  used  to  predict  high-frequency 
response  effects.  Finite-difference 
analysis  works  well  if  the  system  analyt¬ 
ical  model  can  be  simplified  to  include 
a  detailed  description  of  the  isolator 
and  a  gross  description  of  the  shock  iso¬ 
lation  system  (Appendix  B).  Note  that 
there  is  no  way  to  analyze  a  high- 
performance  shock  isolation  system  with 
a  single  degree-of-freedom  model  because 
the  high  frequency  response  is  not  simu¬ 
lated. 

In  cases  where  the  shock  isolation 
system's  global  characteristics  cannot 
be  modeled  as  an  isolator  and  rigid  mass, 
a  finite-element  technique  should  be 
used.  Care  oust  be  exercized  in  model¬ 
ing  because*  very  stiff  isolators  may  re¬ 
quire  a  large  number  of  finite  elements 
to  simulate  local  motion  and  may,  there¬ 
fore,  exceed  the  storage  capability  of 
the  digital  computer.  For  linear  sys¬ 
tems,  the  first  mode  corresponds  to  the 
global  response  of  the  shock  isolation 
system;  the  second  and  higher  vibration 
modes  correspond  to  the  local  response. 

The  propagation  methods  of  analysis  re¬ 
flect  this  rssuit.  The  finite-difference 
f  8]  and  finite-element  [9]  techniques  ha 
have  been  well  documented  In  the  litera¬ 
ture.  Previous  experience  has  shown  that 
there  is  little  utility  in  exact  analyt¬ 
ical  metoods  or  linear  analysis  in  de¬ 
signing  high-performance  shock  isolation 
systems  because  of  the  nonlinear  trans¬ 
ient  nature  of  the  shock  phenomenon. 

Over  the  past  several  years,  IITRI 
has  been  engaged  in  extensive  studies 
involving  the  optimum  design  of  shock- 
isolation  systems.  Available  optimiza¬ 
tion  techniques [10] ,  [11] are  based  on 
linear,  nonlinear  and  dynamic  programming, 
which  optimize  a  system  of  interconnected 
mechanical  elements  subjected  to  a  time- 
dependent  input  disturbance.  During  the 
course  of  these  investigations,  a  tech¬ 
nology  has  been  developed  that  is  capable 
of  synthesizing  shock-isolation  elements, 
so  that  some  measure  of  syntem  performance 
(peak  resoonse  acceleration  cf  some  cri¬ 
tical  component)  is  optimized  subject  to 
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prescribed  response  constraints  on  the 
ensuing  wOblcn  (r«ttlsopoC£  constraints 
across  the  terminals  of  the  Isolator 
attachment  points). 

The  scalar  quantity  Q  Is  defined  as 
the  performance  index,  a  number  that 
measures  the  level  of  system  performance 
(the  peak  ma&«  acceleration).  Optimiza¬ 
tion  of  the  system  then  refers  to  the 
process  of  minimizing  Q. 

The  capability  of  carrying  out  per¬ 
formance  optimization  from  two  differ¬ 
ent  points  of  view  is  available:  (1)  by 
determining  the  force-time  characteris¬ 
tics  of  the  perfect  isolation  device, 
which  results  in  a  system  with  the  best 
(lowest)  possible  Q,  say  Q*;  (2)  by 
determining  the  isolator  parameters 
(spring  rates,  damping  coefficients)  of 
a  selected  candidate  isolator  that  leads 
to  a  system,  which  performs  in  near  op¬ 
tin'  a  fashion.  The  results  of  the  first 
optimization  problem  provide  the  "op¬ 
timum  performance  limit",  which  is  the 
lowest  possible  performance  index  Q* 
theoretically  possible  among  all  possi¬ 
ble  isolator  devices  for  the  system 
being  considered.  The  results  of  the 
second  optimization  problem  provide  the 
near  optimum  performance  Q*  of  the  can¬ 
didate  isolator  for  the  same  Bystem  con¬ 
sidered  in  (1).  The  term  "near-optimum" 
is  used  because  the  candidate’s  perfor¬ 
mance  can  never  be  better  than  the  op¬ 
timum  value  of  the  perfect  isolator 
(i.e.,  qf*  <  0*) .  The  difference 
AQ  *  <E  -  Q*  provides  the  margin  of  im¬ 
provement  of  the  candidate  isolation 
device  compared  to  that  of  the  perfect 
isolator.  It  must  be  emphasized  that  Q* 
Is  used  only  as  a  guide  for  gauging  the 
margin  of  improvement  available;  however, 
there  may  not  be  a  passive  device  for 
which  aQ  -  Q. 

In  designing  a  high-performance 
shock  Isolation  system,  we  must  optimise 
concepts  Investigated  during  the  study 
with  respect  to  their  own  design  para¬ 
meters  so  that  the  near-optimum  perfor¬ 
mance  qJ  is  obtained  for  each  isolator. 
Further,  the  values  of  0*  should  be  such 
that  the  comparison  of  each  candidate 
to  the  optimum  performance  limit  of  the 
perfect  isolator  can  be  obtained.  Such 
a  comparison  provides  a  means  for 
judging  the  relative  merits  of  the  can¬ 
didates  to  each  other  and  to  the  best 
candidate  from  a  theoretical  point  of 
view. 

EXPERIMENTATION 

The  success  of  any  design  technique 
depends  on  the  quality  of  the  available 
data.  In  the  design  of  high-perforsmnee 
shock  isolation  systems  subject  to  high 


loading  rates,  the  basic  physical  be¬ 
havior  of  a nd  solids"  that  form 

the  Isolator  must  be  characterized  at 
high  rates  if  meaningful  results  are  to 
be  obtained.  Characterization  of  the 
fundamental  behavior  of  shock  isolators 
is  performed  by  high- strain-rate  testing 
in  order  to  obtain  isolator  damping  and 
stiffness  properties  desirable  in  pre¬ 
dicting  the  dynamic  behavior  of  a  sys¬ 
tem. 

The  second  important  function  of  ex¬ 
perimentation  is  verification  and  experi¬ 
mental  evaluation  of  the  shock  isolation 
system  model  and/or  prototype;  global  and 
local  response.  In  performing  a  study 
of  this  type,  external  disturbance  is 
simulated  in  a  test  machine  or  specially 
designed  fixture.  The  experimental  pro¬ 
cedure  for  testing  and/or  evaluating 
high-performance  shock  isolation  systems 
involves  the  following  tasks. 

•  specifications 

•  procedures 

•  equipment  selection 

•  instrumentation  and  calibration 

a  specimen  design 

•  data  reduction  and  analysis 

The  environmental  shock  disturbance 
is  specified  in  terms  of  a  force  or 
motion-time  curve  (.*ig.  1).  If  a 
scaled  experiment  if  conducted,  the 
scaled  version  of  he  shock  pulse  is 
specified.  The  rattlespace  and  mounting 
constraints  are  specified  in  conjunction 
with  the  test  machine  selection,  as  are 
the  rates  of  loading  and  other  parameters 
that  affect  the  test  machine.  Finally, 
the  expected  local  response  is  noted  so 
that  appropriate  Instrumentation  can  he 
selected. 

Test  procedures  depend  on  the  nature 
of  the  experiment.  For  force-motion 
characterization  of  isolators,  a  series 
of  experiments  is  set  up  to  obtain  ne¬ 
cessary  design  data.  Damping  and  flexi¬ 
bility  characteristics  should  be  sepa¬ 
rated  when  possible.  Usually  several 
parameter;:  are  held  constant  to  determine 
these  characteristics  or  a  series  of 
different  models  are  used  to  obtain  a 
family  of  experimental  remits.  The  pro¬ 
cedures  used  on  verification  tests  are 
simple.  The  model  or  prototype  is  sub¬ 
jected  to  a  known  shock  input  distur¬ 
bance,  and  the  local  and  global  response 
of  the  shock  isolation  system  are  ob¬ 
served  and  recorded. 

The  selection  of  a  shock  test  machine 
depends  on  the  test  objective  and  the 
environment  that  is  to  be  simulated. 


The  damage  potential  of  a  shock  pulse 
simulated  by  a  shock  test  machine  is  de¬ 
pendent'  on  the  nature  of  the  equipment 
subjected  to  shock,  as  well  as  on  the 
shape  and  Intensity  of  the  shock  pulse. 

A  comparative  measure  of  the  damage  po¬ 
tential  of  shock  pulses  simulated  by  a 
shock  testing  machine  can  be  obtained 
by  comparing  the  response  of  the  testing 
machine  to  that  of  a  test  standard. 

Shock  spectra  of  the  shock  testing  ma¬ 
chine  can  be  examined.  Shock  pulses 
applied  to  the  test  machine  must  be  re¬ 
producible,  and  calibration  of  the  shock 
test  machine  for  a  given  test  must  be 
possible. 

The  electrohydrauiic  closed  loop  sys¬ 
tem  shown  in  Fig.  12  provides  a  controlled 
environmental  t  'ck  pulse  for  the  pre¬ 
scribed  iso  1st*.  The  shock  isolation 


machine  to  provide  a  complete  experi¬ 
mental  simulation.  The  input  pulse  is 
described  digitally  as  a  velocity-time 
curve.  This  type  of  machine  is  re- 
contended  for  test  because  isolator 
local  response  can  be  observed.  The 
machine  also  yields  an  experimental 
simulation  of  the  total  shock  isolation 
system  model  and  ha*  the  ability  to 
monitor  the  dynamic  behavior  of  the 
Isolator,  the  structure  of  the  isolated 
Item  or  the  structure  of  the  shock  iso¬ 
lation  system. 


For  the  experimental  characterisa¬ 
tion  of  shock  isolation  elements,  a 
high-rate  open  loop  machine  can  be  used 
to  determine  the  desired  force -motion 
characteristics.  The  closed  ioop  type 
machine  is  needed  to  provide  an  experi¬ 
mental  simulation  if  locaL  effects  are 
to  be  observed,  because  local  effects 
depend  on  the  shape  of  the  input  pulse. 
The  semlcontrollea  machine  that  simulates 
the  damage  potential  of  an  environment 
is  useful  only  to  check  the  global  res¬ 
ponse  of  the  isolated  Item. 

Experimental  instrumentation  equip¬ 
ment  is  well  developed  and  consists  of 
three  stages.  At  the  first  level,  pri¬ 
mary  measurement  is  carried  out  by  a 
transducer  that  converts  mechanical 
motion  into  electrical  signals.  Trans¬ 
ducers  consist  of  strain  gages  and  capa¬ 
citance  pickups  which  measure  displace¬ 
ment,  coils  in  a  magnetic  field  which 
measure  velocity  and  piezoelectric  trans¬ 
ducers  which  measure  acceleration.  At 
the  second  stage  the  signal  from  the 
transducer  is  prepared  by  secondary  or 
modifying  instruments  for  the  third 
stage,  display  of  the  signal  on  a  cath¬ 
ode  ray  oscilloscope  paper,  a  recorder 
or  magnetic  tape.  Modifying  instruments 
attenuate.  Integrate,  modify  and  con¬ 
dition  the  signal. 

When  possible,  an  actual  isolator  In 
its  system  environment  should  be  tested. 
If  the  test  is  a  destructive  one,  a 
replica  of  the  actual  device  should  be 
tested.  If  the  available  test  machine 
is  too  small  to  allow  a  full-scale  test, 
then  a  subscale  model  of  the  type  pre¬ 
viously  mentioned  of  the  prototype  should 
be  tested.  Although  it  need  not  have  the 
same  appearance  as  the  prototype,  a  scale 
model  must  behave  in  a  manner  similar  to 
that  of  the  prototype. 

In  scaling  f-»r  shock  respo  nse,  the  dy¬ 
namic  characteristics  of  the  prototype 
must  be  preserved.  Two  types  of  scaling 
are  possible,  i.e.,  the  use  of  either 
dimensional  analysis  or  nond linens tonal 
mathematical  system  formulation.  Di¬ 
mensional  analysis  allows  selection  of 
pertinent  system  variables  and,  through 
algebraic  procedures  and  fundamental 
units  (time,  mass,  length,  temperature), 
nondlmensional  scaling  relationships  can 
he  determined.  In  the  second  scaling 
technique  the  dynamic  behavior  of  a  shock 
isolation  system  is  described  by  differ¬ 
ential  equations  of  motion  which  are 
converted  to  a  form  that  is  independent 
of  time,  size,  mass  and  temperature 
(nondlmensional)  by  using  defined  non- 
dimensional  variables.  The  equations  of 
motion  are  arranged  algebraically  so 
that  the  nondlmensional  scaling  para¬ 
meters  can  be  selected  from  them.  These 
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techniques  are  documented  by  Kurphy  [12] 
and  Harris  and  Crede  [ 7] . 
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forms,  depending  on  the  display  or  re¬ 
cording  instrument  used.  The  oscillo¬ 
scope  provides  a  visual  display,  and 
data  can  be  recorded  immediately  and 
rejected  (with  a  camera) .  Oscilloscopes 
are  best  for  cases  chat  involve  scanning 
a  large  number  of  test  parameters.  Data 
can  be  recorded  directly  on  a  strip  re¬ 
corder  or  on  magnetic  tape.  Regardless 
of  the  method  used,  shock  response  data 
usually  must  be  reduced  and  analyzed, 
either  by  sight,  mechanical  means  or 
electronic  filtering. 

The  objectives  sought  in  data  reduc¬ 
tion  are  the  removal  of  all  nonessential 
information,  the  retention  of  essential 
data  and  the  abstraction  of  the  history 
of  some  parametei  (usually  acceleration) 
in  a  concise  and  useful  form.  The 
characteristics  of  the  function  that 
best  describes  the  data  should  be  de¬ 
termined,  and  the  reduced  data  should 
be  manipulated  so  that  it  can  be  corre¬ 
lated  with  other  significant  parameters. 
The  form  of  the  reduced  data  can  be  dis¬ 
played  either  in  a  frequency  domain 
figure  or  the  response  domain  figure. 

Data  reduction  in  the  frequency 
domain  is  one  cf  many  sophisticated 
methods  for  harmonic  analysis  of  data 
waveforms.  Harmonic  analysis  is  carried 
out  by  frequency  separation,  mechanically, 
by  computer,  or  electronically;  such 
data  reduction  in  the  frequency  domain 
yields  a  shock  spectrum.  Data  reduction 
in  the  response  domain  is  confined  to 
identification  of  response  peak  magni¬ 
tudes  and  response  wave  shapes  for  given 
environmental  shocks.  Specific  effects 
resulting  from  an  input  pulse  can  be 
found  by  varying  the  system's  properties 
systematically.  In  linear  systems,  res- 

?onse  domain  data  can  he  converted  to 
requency  domain  data,  and  vice  versa 
with  some  loss  in  detail  of  the  response 
domain  data. 

SUMMARY 

The  significant  points  reflecting  the 
subject  philosophy,  procedures  and  tech¬ 
niques  concerned  with  designing  high- 
performance  shock  Isolation  systems  are 
summarized. 

•  Environmental  shock  distur¬ 
bances  are  expressed  as 
motion  or  force-time  curves. 

•  Design  specifications  are  ex¬ 
pressed  in  terms  of  system 
rattlespace  and  equipment 
fragility  levels.  Fragility 


levels  are  given  as  accelera¬ 
tion  response-time  curves  or 
peak  acceleration  response- 
fr«ijuCi«cy  curves  • 

e  Conceptual  innovation  of  shock 
isolation  systems  requires  in¬ 
genuity  and  a  fundamental 
knowledge  of  dynamic  systems. 

a  Shock  isolation  system  concept 
innovation  should  have  kine¬ 
matic  emphasis.  Isolators  must 
possess  a  long  stroke  capability, 
a  facility  to  attenuate  high- 
frequency  environmental  dis¬ 
turbances  and  a  composition 
that  controls  the  generation  of 
internal  stress  waves. 

a  While  simple  models  suffice  for 
kinematic  considerations,  flex¬ 
ible,  massless  spring  models 
are  inadequate  to  kineticall 
model  high-performance  shock 
isolators. 

a  Propagation  methods  that  begin 
with  initial  conditions  and 
use  finite-differences  or 
finite-elements  are  recommended 
to  analytically  simulate  res¬ 
ponse. 

a  Scaled  experimental  models  are 
acceptable.:  however,  they  should 
be  dynamically  scaled,  using 
system  equations  of  motiun. 

•  Isolator  force-motion  charac¬ 
teristics  should  be  obtained 
experimentally. 

•  Shock  isolation  system  designs 
should  be  verified  experiment¬ 
ally  under  simulated  condi¬ 
tions  and  environments. 

ACKNOWLEDGEMENT 

The  work  reported  in  this  paper  was 
performed  at  the  IIT  Research  Institute, 
Chicago,  Illinois  under  the  Department 
of  the  Air  Force,  Space  and  Missiles 
Systems  Organization,  contract  No. 

F  04694-67-C-0076.  The  author  takes 
this  opportunity  to  acknowledge  the  help¬ 
ful  assistance,  support  end  criticism  of 
Mr.  N.  Kfoury  of  Aerospace  Corp.  and  the 
assiatan-.e  of  his  colleagues  at  IIT 
Research  Institute,  especially  F.  Bartos 
L.  Bujalski  and  P.  Rao.  The  recommenda¬ 
tions  and  conclusions  are  those  of  the 
author  and  should  not  be  interpreted  as 
reflecting  official  viewpoints  or  policy 
of  the  Space  and  Missiles  Systems  Or¬ 
ganization. 


63 


REFERENCES 

1.  Eshleman,  R.  L.  and  Kutscha,  D. , 
"Shock  Isolation  Elements  Testing 
for  High  Input  Loadings",  Vol.  Ill, 
Mechanical  Shock  Isolation  Ele¬ 
ments,  SAMSO,  TR  69-1118,  June, 

1969. 

2.  Ostrem,  F.  E.  and  Rumerman,  M.  L. , 
"Transportation  and  Handling  Shock 
and  Vibration  Environmental  Cri¬ 
teria",  Cen.  Am.  Res.  Div. ,  Con¬ 
tract  NAS  8-11451,  1965. 

3.  Eubanks,  R.  A.  and  Juskie,  B.  R. , 
"Shock  Hardening  of  Equipment”, 
Shock,  Vib.  Assoc,  Environ.  Bull. 

Ho.  32,  Part  III,  Dec.  1963, 

pp  23-47. 

4.  Morrow,  Charles  T.,  "Force-Control¬ 
led  or  Free  Suspension  Shock  Tests", 
J.  Environ.  Sci.,  13(2):  pp  22-24, 
Mar. -Apr.  1970. 

5.  Reed,  R.  R. ,  "Analysis  of  Struc¬ 
tural  Response  with  Different  Forms 
of  Damping",  NASA  TN  D-3861,  1967. 

6.  Eshleman,  R.  L. ,  "Procedure  for 
Calculating  the  Natural  Frequen¬ 
cies  of  Shafting  Systems",  IITRI 
Report  K6086,  Naval  Ship  Systems 
Command.  AD  811  785. 

7.  Harris,  Cyril  H.  and  Crede,  Charles, 
"Shock  and  Vibration  Handbook", 

Vol.  2,  Data  Analysis,  Testing  and 
Method  of  Control,  p  27-1,  McCrew 
Hill  Book  Co.  Inc.,  1961. 

8.  Crandall,  Stephen  H. ,  "Engineering 
Analysis",  McGraw  Hill  Book  Co., 

New  York,  N.  Y. ,  1956. 

9.  Zienkiewicz,  0.  C.  and  Cheung,  Y.K., 
"The  Finite  Element  Method  in 
Structural  and  Continuum  Mech¬ 
anics",  McGraw  Hill  Book  Co., 

New  York,  N.  Y.,  1967. 

10.  Liber,  T.  and  Savin,  E.,  "Optimal 
Shock  Isolation  Synthesis",  Shock 
Vib.  Bull.  No.  35,  Part  V,  1966. 

11.  Sevin ,  E.;  Pilkey,  W.;  and 
Kallnowskl,  A.,  "Optimum  Perfor¬ 
mance  Bounds  and  Synthesis  of  Dy¬ 
namic  Systems,  Computational 
Approaches  in  Applied  Mechanics", 
ASIC,  1969. 

12.  Murphy,  G.,  "Similitude  in  En¬ 
gineering",  The  Ronald  Press, 

New  York,  H.  Y. ,  1950. 


13.  Eshleman,  R.  L.  and  Rao,  P.  N. , 

"The  Response  of  Mechanical  Shock 
Isolation  elements  to  nigh-Rai.? 

Input  Loading",  Shock  Vib.  Bull. 

No.  40,  Part  5,  Dec.  1969. 

NOMENCLATURE 

A  ■  cross  sectional  area 

Aj  *  cross  sectional  area  of  inner  ring 

A0  -  cross  sectional  area  of  outer  ring 

a  -  Belleville  spring  geometric  constant 

b  -  Belleville  spring  geometric  constant 

C  -  Belleville  spring  geometric  constant 

d  -  spring  wire  diameter 

D  -  spring  coil  diameter 

E  -  modulus  of  elasticity 

Ej  «  storage  modulus 

Ej  *  loss  modulus 

G  ”  spring  shear  modulus 

h  -  Belleville  spring  free  height 

Ig  ■  second  area  moment  of  Belleville 
spring 

k  *  gas  constant 

2  *  spring  length 
ms  •  spring  mass 

M  “  lumped  mass 

3  -  number  of  spring  coils 

n  *  mnber  of  spring  strands,  nunber 
of  rings 

pQ  *  pressure 

rB  «  mean  radius  of  ring  spring 

s  ■  local  space  coordinate 

t  ■  Belleville  spring  thickness 

u  «  local  displacement 

x  *  lumped  mess  displacement 

y  -  environmental  displacement 

a  *  angle  of  taper  of  conical  surfaces 

y  -  gas  constant 

A  »  fluid  bulk  modulus 

M  “  friction  coefficient,  fluid  viscosity 

v  ■  Poisson's  ratio 

5  ■  fluid  viscosity 

p  m  fluid  density 

ft  ”  system  natural  frequency 
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Pis.  A. 6  -  Isolation  system  with  pneuaatic  spring 


APPENDIX  B 

SYSTEM  DESIGN  PROCEDURE:  A  SAMPLE  PROBLEM 

The  following  design  tasks  were  com¬ 
pleted  to  evolve  test  elements,  local 
response  predicting  and  a  shock  isola¬ 
tion  system. 

•  Full-scale  prototype  design 

•  Scaling  relationship  development 

•  Subscale  test  model  design 

•  Local  analysis 

•  Model  testing 

A  full-scale  prototype  was  concep¬ 
tually  designed  for  a  shock  isolator 
element  (helical  spring)  to  provide  a 
basis  for  scaling  test  elements.  This 
design  was  evolved  through  the  use  of 
typical  facility  data,  shock  Isolator 
characteristics  and  the  ISOLATOR  com¬ 
puter  program  (a  single  degree-of- 
freedom  model  that  accepts  nonlinear, 
damped  isolation  devices).  Dynamic 
scaling  relationships  were  evolved  for 
the  helical  spring  from  the  mathemati¬ 
cal  models  of  th«  pertinent  shock  iso¬ 
lation  system.  The  scaling  relation¬ 
ships,  the  prototype  designs,  the  test 
machine  characteristics  and  the  ele¬ 
ment  stroke- to- length  capability  were 
considered  in  the  design  of  the  sub¬ 
set  ie  test  model.  A  method  for  local 
analysis  of  the  tested  helical  spring 
within  the  MTS  test  facility  was 
evolved.  Natural  frequency  calculation 
and  response  analysis  were  conducted  on 
the  test  element. 

PROTOTYPE  ELEMENT  DESIGN 

The  schematic  design  of  a  represen¬ 
tative  full-scale  element  which  could 
be  used  in  a  typical  missile  shock  iso¬ 
lation  system  is  achieved.  This  example 
problem  is  not  concerned  with  detail 
designs  of  isolators,  joints,  attach¬ 
ments,  subassembly  couplings  and  ail 
the  details  required  in  the  construction 
of  an  actual  system.  It  must  be  em¬ 
phasized  that  prototype  elements  are 
evolved  to  provide  a  realistic  basis 
for  model  design.  The  schematic  gross 
design  is  obtained  through  the  use  of 
a  typical  shock  pulse,  gross  missile  -- 
silo  geometry  and  missile  fragility 
levels. 

•  Physical  Constraints 

The  missile  and  silo  diameters  are 
specified.  The  available  rattlespace 
in  either  direction  is  obtained. 


•  Material  Constraints 

The  shock  isolation  element  is  de¬ 
signed  such  that  the  stresses  induced 
during  stroking  of  the  elemenc  do  .not 
exceed  the  elastic  limit  of  the  material. 
All  Che  elements  must  exhibit  total  re¬ 
covery  to  insure  that  the  system  is 
viable  for  succeeding  shock  pulses. 

•  Design  Criterion  and  Constraint 

The  element  motion  is  constrained  to 
meet  facility  rattlespace  requirements. 
The  design  criterion  is  the  fragility 
level  of  equipment  specified  In  gravi¬ 
ties  of  acceleration.  This  means  that 
the  element  must  have  a  spring  and 
damping  rate  such  that  the  applied  pulse 
will  cause  a  missile  response  motion  of 
less  than  the  specified  acceleration. 

The  problems  associated  with  kine¬ 
matic  nonliuearitles  were  analyzed. 

These  arise  from  the  large  deformation 
of  the  helical  spring  and  the  fact  that 
the  motions  are  not  always  axial  with  it. 

Ths  indeterminate  input  motion  di¬ 
rection  and  influence  of  large  displace¬ 
ments  are  significant  problems  to  spring 
selection.  The  first  problem  is  illus¬ 
trated  in  Fig.  B.l  where  the  input  mo¬ 
tion  (Fig.  1)  can  have  any  arbitrary 
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Fig.  B.l  -  Combined  effects  which  cause 
system  stiffness  variation 
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direction  with  respect  to  s  given  iso¬ 
lator.  Since  mechanical  isolators  can- 
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space,  some  variation  of  effective 
stiffness  is  naturally  expected  for 
different  directions  of  input.  Ini¬ 
tially,  the  number  of  springs  per  array 
or  layer  was  set  at  three  because 


The  stiffness  nonlinearity  which 
remains  due  to  the  presence  of  input 

pul*#  nh« * m  Anolpu  [5  »u?!l 

for  the  relatively  small  total  number 
of  springs  shown  in  Fig.  B.3.  As  more 
springs  are  introduced,  the  amplitude 
and  period  of  the  effective  stiffness 
“ripple"  decrease. 


e  The  least  practicable  number 
of  isolators  are  desirable, 

•  Closer  analogy  is  thereby 
retained  between  the  full- 
scale  and  model  isolators 

•  Calculation  of  effective 
spring  stiffness  is  sim¬ 
plified 

e  Such  an  arrangement  gives 
the  least  excursion  of  ef¬ 
fective  spring  stiffness 
for  small  displacements. 


Figures  B.2  and  B.3  give  a  constant 
limiting  value  of  effective  system 
stiffness  or  the  effective  number  of 
springs  for  isolators  radially  arranged. 

^ave  *  per  3  total  springs 


ave 


3.84 


per  6  total  springs 


per  3  total  springs  B*3) 


It  was  found  that  small  displace- 
ments  cannot  be  assumed;  therefore, 
large  displacements  became  the  second 
problem,  as  shown  in  Fig.  B.l(b).  Ac¬ 
tually,  the  two  effects  are  not  sepa¬ 
rate  but  act  together  to  cause  varia¬ 
tion  of  effective  spring  stiffness. 

Mote  that  Fig.  B.l(b)  Implies  that  both 
ends  of  the  springs  will  need  a  pivot 
arrangement.  The  large  displacement 
effect  produces  stiffness  variations  as 
a  function  of  displacement  as  well  as 
input  pulse  phase  angle.  The  severity 
of  the  situation  is  illustrated  in 
Fig.  B.2  for  a  symmetrical  array  of 
three  spring  isolators;  this  figure  takes 
into  account  the  previously  mentioned 
combined  effects  which  cause  system 
stiffness  variation.  The  significance 
of  the  two  curves  in  Fig.  B.2  is  that 
they  represent  effective  stiffness  at 
the  two  extremes  of  input  displacement 
(points  1  and  2  of  the  pulse  respec¬ 
tively)  . 

For  design,  the  situation  can  be 
significantly  improved  from  that  of 
Fig.  B.2,  which  shows  the  equivalent 
stiffness  of  a  three  spring  array. 
Actually,  many  such  spring  arrays  or 
layers  will  comprise  the  full  isolation 
system  where  adjacent  layers  of  isola¬ 
tors  (or  additional  ones)  will  smooth 
out  effective  stiffness  variation.  The 
improvement  resulting  from  this  type  of 
procedure  is  given  in  Fig.  B.3  where 
both  amplitude  and  period  of  effective 
stiffness  variation  are  seen  to  decrease 
as  the  total  number  of  springs  is  in¬ 
creased.  A  very  slight  nonlinearity  of 
stiffness  with  displacement  still  exists, 
as  is  evidenced  by  the  two  sets  of 
curves  kj  and  k2?  this  variation  is 
caused  by  the  somewhat  unequal  relative 
motion  extremes  of  the  missile  silo  sys¬ 
tem  about  its  neutral  position. 
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per  "3 ’  toflr" springs  (Fig*  B'3) 

The  effective  number  of  springs  pjr 
symmetrical  spring  array  is  approximate¬ 
ly  two. 

The  prototype  shock  isolation  ele¬ 
ment  is  analytically  designed  using  a 
single  degree -of- freedom  model.  In 
more  complex  systems,  multidegree-of- 
freedom  models  are  used.  The  effective 
allowable  spring  rate  k*  is  obtained  by 
determining  what  spring  will  yield  a 
global  response  less  than  the  allowable 
rattlespace  and  fragility  levels  for  the 
specified  input  pulce.  Material  damping 
was  used  to  obtain  the  maximum  accelera¬ 
tion  response  results  of  Fig.  B.4.  The 
actual  spring  rate  of  the  prototype  ele¬ 
ment  is  equal  to  3k*/2mn  where  m  is  the 
number  of  layers  in  the  silo  and  n  is 
the  number  of  springs  in  each  layer. 
Figure  B.S  shows  the  design  chart  used 
to  select  the  spring  sizes. 

SCALING  RELATIONSHIP  DEVELOPMENT  AMD 
SUBSCALE  TEST  MODEL  DESIGN 

The  development  of  scaling  relation¬ 
ships  by  using  nondimenslonallzed  equa¬ 
tions  of  motion  for  the  shock  isolation 
system  was  explained  in  die  experimenta¬ 
tion  section  of  this  paper.  The  result¬ 
ing  scaling  parameters  for  typical  shock 
isolators  Is  given  in  Appendix  A.  For 
the  helical  spring  in  this  design  ex¬ 
ample,  the  following  relationships  were 
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Fig.  B.6  -  Helical  coil  spring  design  chart 


utilized  because  they  characterize  the 
important  isolator  dynamic  properties. 

If  I  -If  |  ~  — 

'  8 'prototype  '  8,model 
where 


Figure  B.6  shows  the  dvsign  chart 
for  the  model  helical  coil  spring  of 
Table  B.l,  which  was  designed  to  be 
used  in  an  existing  test  racility.  A 
single  degree-of-  freedom  model  global 
analysis  was  run  on  this  spring  to  find 
that  it  has  response  characteristics 
similar  to  those  of  the  prototype. 
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LOCAL  ANALYSIS  AND  MODEL  TESTING 

The  local  analysis  and  model  testing 
of  a  shock  isolation  system  are  diffi¬ 
cult  subjects.  These  topics  were  cov¬ 
ered  in  detail  for  the  subject  helical 
coil  spring  in  Ref.  [ 13]  .  The  global 
response  to  the  input  pulse  (Fig.  1) 
obtained  by  analysis  of  a  single  degree- 
of-freedom  system  Is  shown  in  Fig.  B.7 
and  its  comparison  to  the  model  experi¬ 
ment  is  shown  in  Fig.  B.8.  The  local 
analytical  response  using  a  continuous 
parameter  model  of  the  isolator  using 
a  finite-difference  technique  is  shown 
in  Fig.  B.9  and  its  comparison  to  ex¬ 
periment  is  shown  in  Fig.  B.10.  These 
experiments  wer*  made  on  the  MTS  ma¬ 
chine  shown  in  Fig.  12.  The  results  of 
these  analyses  show  (1)  that  the  con¬ 
tinuous  parameter  model  is  needed  to 
simulate  high  frequency  effects,  and 
(2)  thrt  the  hr.licsl  coil  spring  needs 
additional  damping  to  qualify  as  a 
high  performance  Isolator  with  low  local 
response. 


TabU  B.l 

Model  Helical  Spring  Data 

§  -  10.3 
d  -  0.420  in. 

S  -  6 

K*  -  6 

Sg  -  94,200  pai 
C  -  1.14 

V  “  CSs  *  l07»300  P8i 

OD  ■  4.74  in. 
t  -  10.5 

V  -  2-*5 

SB  -  2.52  in. 

Total  Height  -  4.24  lb 

Clearance  when  most  compressed  -  0.180  in. /coil 
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Fig.  B.7  -  Analytical  response  of  a  helical  spring- 
mass  system  subject  to  high-rate  input 
loading  (lumped  parameter  spring  model) 
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Fig.  B.8  -  Comparison  o£  analytical  and  experimental 
response  results  for  a  helical  spring-mass 
system  subject  to  high-rate  input  loading 
(lumped  parameter  analytical  model). 
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Fig.  B.9  -  Analytical  response  of  a  helical  spring- 
mass  system  subject  to  high-rate  input 
loading  (continuous  parameter  spring  model) 
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Fig.  B.10  -  Comparison  of  analytical  and  experimental 
response  results  for  a  helical  spring-mass 
system  subject  to  high-rate  Input  loading 
(continuous  parameter  analytical  model) 
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DISCUSSION 


Mr.  Grant  (The  Boeing  Company):  You  talked 
about  blgh  frequencies  In  toe  systems  and  the  cap¬ 
ability  to  analyze  them,  I  presume  that  what  you  are 
saying  la  that  you  can  analyze  accurately  at  least  the 
first  surge  mode  of  the  spring,  is  that  correct  ? 

Mr.  Eshleman:  Yes, 

Mr.  Grant;  Would  you  care  to  predict  the 
accuracy  of  your  analysis  for  the  higher  surge  modes 
since  if  that  spring  is  accelerated  fast  enough 
the  other  surge  modes  will  also  participate? 

Mr.  Eahleman;  One  thing  that  t  did  not  mention 
that  ia  important  is  that  there  is  a  balance  between 
the  flexibility  of  the  spring  and  the  wave  propagation 
problem,  because  if  you  load  the  spring  at  too  high  a 
rate  there  is  a  discontinuity  like  a  shock  wave,  and 
you  do  not  want  that  at  all.  This  analysis  technique 
has  the  advantage  that  one  obtains  all  of  the  fre¬ 
quency  components.  This  is  not  a  modal  analysis. 
Here  you  see  basically  two  modes  in  the  response,  the 
first  mode  and  tbe  second  mode.  You  do  not  see  much 
of  the  higher  modes.  Perhaps  my  model  was  not 
sensitive  enough  to  pick  up  any  of  the  higher  modes 
or  maybe  they  were  not  induced  from  that  rather 
simple  step  function  or  pulse  shape.  But  this  type 
of  analysis  has  the  capability  to  take  into  account  all 
cf  tee  modes,  even  though  it  is  not  a  modal  analysis. 

Mr.  Grant:  The  next  question  is  about  the  mass 
scaling.  Obviously  it  has  an  influence  on  the  second 
mode  of  the  system.  You  only  applied  your  scaling 
relationship  to  the  fundamental  kinematics!  problem 
rather  than  to  tee  higher  modes  of  tbe  system.  Is 
that  correct? 

Mr.  Eahleman:  The  mass  scaling,  in  this  sim¬ 
ple  example,  only  referred  to  tee  isolator  itself. 

In  a  more  complex  system  one  should  describe  tbe 
whole  system  mathematically  in  terms  of  a  lumped 
parameter  system,  and  there  you  would  again  take 
Into  account  tee  other  masses  in  tee  system.  It 
turned  cut  teat  this  one  was  so  simple  teat  tee 
isolator  was  the  only  important  mass  except  for  the 
isolated  mass. 


Mr.  Grant;  Then  you  would  depart  there  from 
wave  theory  as  you  have  used  it? 

Mr.  E8hlemani  Yes. 

Mr.  Eckblad  (The  Boeing  Company):  in  your 
presentation  you  stated  that  at  high  frequencies  the 
finite  difference  method  did  not  work  so  well  and  that 
you  applied  the  finite  clement  technique  which  seemed 
to  work  better  for  your  high  frequency  analysis. 

Would  you  elaborate  on  that? 

Mr,  Eshleman:  I  did  not  mean  that  it  did  not 
woi-k  well.  It  is  impractical  because  it  takes  too 
much  computer  space.  A  simple  problem  like  this 
took  up  the  storage  of  a  7094  computer.  I  do  not  know 
how  many  bits  it  was  but  it  is  impractical  from  a 
point  of  view  of  computer  storage. 

Mr.  Eckblad:  How  did  you  get  around  this  with 
the  finite  element  technique  7 

Mr.  Eshleman:  I  did  not  actually  work  this 
problem  with  the  finite  element  technique  but  it 
seems  to  me  if  one  were  to  use  the  finite  element 
technique  one  would  be  able  to  do  a  better  job  cf 
modelling  for  analysis  than  is  possible  with  the  finite 
difference  technique. 

Mr.  Eckllad:  What  happens  when  you  analyze  a 
complex  structure,  when  you  get  away  from  the  sim¬ 
ple  rod  where  you  feed  into  plates  and  have  to  trans¬ 
fer  to  other  complex  structures?  Does  this  method 
also  work  conveniently  for  that? 

Mr.  Eshleman:  Y'es. 

Mr.  Forkois,  NHL;  What  happens  when  you  have 
two  spring  systems  such  as  a  soft  spring  and  a  stiff 
spring  in  series?  There  are  many  isolation  systems 
which  act  as  vibration  isolators  and  also  act  as  shock 
isolators. 

Mr.  Eshleman:  I  do  not  think  that  problem  would 
be  very  difficult  to  hantfe.  I  think  you  could  model  it 
fairly  easily.  I  really  do  not  think  that  would  he  a 
problem  because  it  is  small  enough.  The  problem  is 
the  size  of  the  computer. 


ELASTIC  HAVE  PROPAGATION  IN  A  HELICAL  COIL  WITH  VARYING  CURVAT'JRE 
AMD  ITS  APPLICATION  AS  AN  IMPACT  LOAD  DISPERSER 
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Elastic  stress  pulse  propagation  In  a  helical  coll  with  varying  radius 
of  curvature  is  experimentally  lnvaatlgated  oy  loading  the  coil  tangen¬ 
tially  as  a  aean«  of  effectively  dispersing  lapact  loads  to  lower  their 
amplitudes.  It  is  shown  that  the  stress  pulse  decowposes  into  aany 
cowpooents,  with  the  high  frequency  components  propagating  faster  than 
the  low  frequency  components.  The  pulse  disperses  fester  when  the 
helical  coll  is  loaded  at  the  smaller  end  then  when  it  in  loaded  at  the 
larger  end.  The  coil  with  the  smallest  radius  of  curvature  acts  as  an 
acoustic  filter  la  that  the  aaqOAtadas  of  the  vevas  passing  through  this 
coil  do  not  chango  afterwards.  The  experimental  results  are  discussed 
qualitatively  in  terns  of  e  theoretical  analysis  of  dispersion 
char  sc tar is tics.  The  radius  of  the  croaa-atc >ion  Influences  :he  phase 
end  group  velocities  in  the  range  considered  in  this  paper. 
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In  «  previous  paper''  the  writer  discussed 
applicability  of  helical  colls  aa  impact 
dispersers  by  considering  the  eidetic  stress 
piitr  pzepsgstiom  in  a  r angsntlslly  loedad  heli¬ 
cal  coll  of  cenetsnt  c  urvature.  In  thin  paper 
the  effect  of  varying  nrvature  is  investigated. 
This  paper  Is  based  oe  the  teselts  obtained  In  e 
continuing  effort  to  find  effective  ns one  of 
dispsreing  lap set  loafs  so  that  high  anplltude 
^pict  lot's  c Ml  W  Into  low  aapli- 

tude  woven. 

Mellcsl  coils  are  neually  loaded  along  (ha 
axis  of  the  helix  hy  ceapreaelsg  the  coil.  In 
this  cans,  the  generated  distortions!  wave 
propagates  almost  without  sap  dispersion.  On 
tha  other  hand.  If  the  helical  coll  Is  loaded 
tangentially,  the  stress  poise  continually 
disperses  because  of  the  coatlnuoea  reflection 
of  the  pulse  at  the  lateral  surface  of  the  coil. 
This  effect  is  quite  significant  in  solids  since 
am  Incident  dllatleoal  nr  distortloael  vsvs  any 
generate  both  types  of  eaves  upon  reflection, 
except  shea  the  incident  aegis  of  the  distor¬ 
tion  wove  exceeds  a  certain  critical  limit. 
Therefore,  e  helical  cell,  sepe dally  one  with  a 
varying  radius  ef  curvature,  nay  he  woeful  as  am 


its  refer  to  references  at  eiA  of  paper 


impact  load  disperser. 

Vibration  and  wave  propagation  In  curved 
rods  ware  Investigated  at  tbs  torn  of  this 
century2-*  for  inextenslble  rods,  Phlllpson3 
extended  the  work  by  Including  the  extension  of 
the  locus  of  centroids .  Recently,  stress  pulse 
dispersion  in  curved  rods  was  also  investigated 
hy  lritton  and  Langley*  for  constant  curvature 
and  hy  VittricV7  for  helices. 

The  nee  of  tangentially  loaded  helical  colls 
as  shock  dispersers  and  acoustic  filters  has  not 
beau  considered  before.  The  experlaentel  results 
presented  in  this  paper  ere  new.  The  exact 
theoretical  analysis  of  the  experiment  la 
difficult.  The  theoretical  analysis  presented 
la  this  paper  is  for  tha  case  of  propagation  of 
an  infinite  train  of  sinusoidal  waves  In  an 
infinite  helix  of  e  constant  radius.  Although 
the  theoretical  treatment  Is  not  for  the  varying 
curvature  case,  the  theoretical  results  ere 
presented  here  since  seme  of  the  experimental 
results  can  he  explained  qualitatively  by  tha 
theoretical  results.  The  theoretical  results 
presented  in  this  paper  differ  from  the  previous 
results2  la  that  tha  previous  analysis  neglected 
the  effect  of  torsion. 
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LIST  OF  SYMBOLS 


A1’A2’  °tC‘ 


DI’D2’  etC‘ 


F1.F2,  etc. 
G 

etc. 

h 

W1* 


t 

O.V.W, 


W*c 


Parameters  defined  In  text 

Cross  sectional  area 
Projected  radius  at  any  9 
The  largest  projected  radius  of 
of  curvature  at  8  *  o 
Rotation  function  defined  in 
text 

Torsional  rigidity 
Elevation  constant  *  h/2s 
Group  velocity 
Phase  velocity  jyj 

Bar  velocity  "  (E/p) 

Shear  wave  velocity  ■  (C/p) 

Parameter  defined  in  text 

Young’s  modulus 

Force  acting  on  the  croaa-aectioa 
of  the  coil  along  x„  and  y0, 
respectively 

Constant  related  to  the  rate  of 
curvature  change 
Parameter  defined  in  text. 

Shear  modulus 

Parameter  defined  in  text 

Pitch 

Moments  of  inertia  of  mass  per 
unit  length  about  Xo,  y0,  and 
x0,  respectively 
Unit  vectors  along  X,Y,Z, 
respectively 

Moments  cf  inertia  of  the  cross- 
sectional  area  about  x„  and  yot 
respectively 
WAYft  numbmr 

Mase  per  unit  length  of  the  coil 
Angular  frequency 
Radius  of  principal  curvature 
Radius  vector  in  the  (X.Y tZ) 
coordinate  system 
Length  measured  along  the  length 
of  the  unstrained  coil 
Time 

Displacement  function  dofinod  In 
text 

Displacements  along  the  Xq,  y  , 
and  s  directions  respectively 
Axes  of  a  fixed  coordinate  system 
Axes  of  a  moving  coordinate  system 


B  Rotation  of  the  cross-section 

about  a 

y  Radius  of  gyration  about  x4  and 

Fo 

y  Radius  of  gyration  about  s0 

gX  Angle  measured  counterclockwise 

from  the  X-axis  to  the  position 
vector  projected  on  the  X-Y 

plane 

g  Characteristic  angle 

1°  Wavelength 

v  Poisson’s  ratio 

0  Radius  of  torsion 

t  Torsion 
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I.  KXmiMQtTS 


Figure  1  •how*  th«  hillcal  coll  with  varying 
radio*  of  curvatura,  which  waa  mad*  fro*  a  con- 
aarcially  pur*  aluminum  rod  of  1/2  Inch  diameter. 
Tha  internal  dlamotar  of  kha  coil  waa  8  laches 
at  tha  larger  and  and  2  Inchat  at  tha  amaller 
and.  Tha  coll  had  about  7  1/2  turn*  and  tha 
pitch  waa  about  1  inch.  Tha  coil*  had  straight 
an da.  at  on*  of  which  a  hammer  waa  dropped  from 
a  known  height  to  generate  tha  atraas  pulaa. 

Tha  length  of  tha  atralght  portion  of  the  coll 
waa  made  much  larger  than  the  length  of  tha 
hammer  In  order  to  mak.  certain  that  tha  wave 
reflection  from  tha  curved  section  of  tha  coll 
would  not  Interfere  with  tha  generation  of  tbe 
wave  at  the  Impact  and.  Plastic  defamation  of 
the  coil  at  the  impact  and  wee  prevented  by 
placing  a  1.3  Inch  long  spacer  made  o i  a  herd 
aluminum  alloy  with  the  tame  mechanical  imped¬ 
ance  as  a  co>  mtrclally  pure  aluminum.  Tha  ends 
of  the  coll  and  tha  spacar  wara  carefully  lapped 
for  complete  tranaml salon  of  tha  atraas  pulaa 
•cross  tha  Interface.  Tha  other  and  of  the 
epecer  wee  slightly  rounds'*,  to  insure  axial 
loading.  Tha  cell  waa  supported  at  the  opposite 
and  from  tha  lapect  end  in  cider  to  make  certain 
that  the  waves  raflactad  at  the  supports  would 
mot  Interfere  with  the  measurements. 

One  of  tha  hanmetw  war  e  4  1/2  inches  long 
cylindrical  rod  made  of  the  same  aluminum  alloy 
am  tha  spacar.  The  other  banker  wee  e  1/2  inch 
diameter  steel  bell.  Ik®  pulses  generated  by 
the  cylindrical  hammer  mere  long  enough  so  that 
there  wee  no  dispersion  In  the  straight  aection. 
Tha  cylindrical  hammer  moumtau  on  two  rylon 
a!  dare  slid  down  a  guide  from  e  predetermined 
height  for  Impact  with  the  coll.  The  stMl  bell 
was  dropped  through  e  copper  cube.  The  haemers 
were  dropped  from  3  foot. 

The  screes  pulses  were  monitored  by  strain 
gages  (>Utt  Ftf  12-12)  monnted  along  a  coll;  tha 
location*  are  shown  In  Fig.  1  with  tha  distances 
from  ths  first  sat  of  strain  gages,  measured 
along  the  Ineer,  outer,  end  centroldel  radii  of 
the  coll.  At  each  position,  *  tat  of  two  attain 
gagas,  daalgnatad  by  A,  war*  mounted  along  the 
axial  direction  of  the  bar  180*  apart  and  con¬ 
nected  In  aaries  to  measure  tha  axial  elongation. 
Another  eat  of  strain  gagas,  daalgnatad  by  1, 
were  mounted  circumferentially  110*  apart  from 
each  other  to  measure  tha  circumferential 
exp anal an  of  tha  bar.  The  outputs  from  tha 
bridge  circuits  were  amplified  by  amplifiers 
end  measured  by  am  oscilloscope ,  Tektronix  555. 
The  haems  were  triggered  when  the  haemer  cams 
Into  contact  with  tha  coil. 

b)  Kmmerlmemtel  keeulte 


Figures  2  end  3  Illustrate  the  experimental 
results  obtained  malm  the  bell.  ThsM  results 
or*  tabulated  in  Table  1.  Figure  2  sod  Figure  3 
are  the  resales  obtained  by  loading  the  smeller 
end  end  the  larger  end  of  the  helical  cell, 
respectively.  Ccapariaon  of  theoe  two  figures 
shew  that  the  etnas  pulM  leaded  .at  the 
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Experimental  Arrangement  and 
Gage  Locations 


smaller  end  disperses  faster  than  that  loaded  at 
the  larger  end,  after  the  pulses  propagate  an 
equivalent  distance.  It  should  be  noted  that  the 
upper  beams  were  amplified  10.5  times,  whereas 
the  laws,  beams  were  amplified  16.7  times. 

Because  of  the  curvature,  the  measurements  by 
tha  “A"  gagas  did  not  completely  cancel  the 
bending  effects.  However,  the  previous  work1 
shewed  that  the  effects  watt  rather  small. 

Similar  result*  are  obtained  using  the  cylindri¬ 
cal  hammer,  as  shown  in  Table  1. 

The  wave  that  arrives  at  each  station  first 
has  the  lowest  amplitude  and  tha  highest  fre¬ 
quency  in  all  the  cases,  and  am  shown  in  Tabls  1, 
propagates  with  velocities  close  to  the  bar 
velocity  Co  ”  »yE fo  The  bar  velocity  la  used  to 

naan  tbe  limiting  group  velocity  In  e  straight 
circular  bar  when  the  wavelength  approaches 
Infinity.  The  succeeding  waves  have  lower  fre¬ 
quency  and  finally  reach  steady  state  oscilla¬ 
tions.  These  results  are  in  accordance  with  the 
theoretical  predictions  made  in  the  following 
section. 

Tbs  experimental  results  will  b*  discussed 
la  nor*  detail  based  on  tha  numerical  value* 
shown  in  Table  1.  The  group  velocities  ere  shown 
In  the  fifth  column.  Those  values  were  obtained 
by  dividing  tha  distance  the  stress  pulses 
traveled,  measured  along  the  centroid*,  by  the 
tins  taken  to  arrive  at  each  station.  These 
group  velocities  ere  dose  to  the  bar  velocity 
within  the  experimental  approximation,  which  for 
this  aluminum  is  1.98  x  10*  lnches/sec.  Tha 
group  velocities  decraasa  a*  tha  distance  covered 
by  the  pulse*  increase  which  nay  be  due  to  the 
Inability  of  tha  present  technique  to  measure 
vary  low  amplitude*  associated  with  high  frequency 
waves.  These  group  velocities  ere  slower  than 
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thoss  aeaai'rtd  in  *  constant  radius  hellx^  dun 
Co  uvtrc  d«|<nirtCifto  of  the  itrui  pulM  1* 
the  presen',  cast  bacause  of  the  emaller  radius 
at  curvature. 

The  sixth  coluen  shows  the  puiaa  lengths . 

It  should  be  noted  that  the  eapUtudas  of  tha 
waves  propagating  fro*  the  saaXXer  and  to  tha 
larger  and  of  tha  helical  coll  are  such  lower 
than  thoac  propagating  in  the  opposite  direction. 

The  eighth  coluon  lists  tha  half  periods 
of  the  oscillatory  portion  of  the  waves.  The 
half  periods  of  the  upper  trace#  nay  be  coopered 
with  the  natural  frequency  of  rings  with  the 
ssm  radius  as  the  coll.  At  the  larger  end  of 
the  coil  where  the  radius  is  approximately  *.25 
inches,  the  half  period  ia  66.8  micro-seconds 
which  competes  vary  favorably  with  tha  experi¬ 
mental  results.  At  the  smeller  end  tha  compar¬ 
ison  1#  not  as  favorable.  This  could  be  because 
of  the  large  ratio  of  the  radius  of  the  crosa- 
sectional  area  to  the  radius  of  principal 
curvature  and  the  long  straight  section  at  the 
smaller  sod  of  tiie  coil. 


11.  THEORETICAL  ANALYSIS 

The  analysis  given  here  i#  similar  to  that 
presented  in  Re*.  11 J,  except  that  the  effect  of 
torsion  is  included.  The  theoretical  results 
ere  included  to  provide  qualitative  interpreta¬ 
tion  of  the  experimental  results.  Tha  phase 
velocity,  tha  group  velocity  and  the  natural 
frequency  ere  determined  for  a  helical  coll  with 
constant  radius  of  curvature.  From  the  present 
analysis  it  wee  found  the»  *.i  soon  aa  the  effect 
of  torsion  is  Included,  •  ore  is  no  longer  the 
wave  component  which  propagated  with  the 
die tort ionel  wave  velocity  at  large  wavelengths. 

e)  Ceometric  Relatione 

A  rigjbt-handed  helix  with  varying  radius  of 
curvature  is  loaded  tangentially  ee  shown  in 
Fig.  1.  The  rectangular  coordinate  (X,Y,Z)  is 
fixed  in  space  so  that  the  2-axis  is  along  the 
axis  of  the  helix  and  the  X  -  Y  plane  cuts  the 
cell  at  the  larger  end  of  the  helix.  The 
distance  from  the  origin  to  the  point  of  inter¬ 
section  between  the  X  -  Y  plane  and  thm  coil  at 
the  larger  end  of  the  coil  Is  givam  by  So*  The 
pitch  of  the  coil  in  constant.  The  radius  of 
curvature  varies  linearly  with  Z. 

The  position  vector  from  the  origin  of  the 
coordinate  system  to  any  point  on  the  hell*  is 
given  by 

r  •  a  (l-fO)coe  «T+a_  <l-f9)ein  9J+c9k  (1) 
o 

At  any  time  the  wave  w*.  J»  the  longest  wavelength 
occupies  e  segment  of  the  coil  subtended  by  e 
characteristic  angle  ##  given  by 

9  -  1/e  «> 

o 

In  Eq.  (1),  if  the  value  of  f90  ia  ««*ch  smaller 
then  unity,  then  the  rate  of  curvature  change 
nay  be  neglected  without  much  loee  in  the  inter¬ 


pretation  of  the  experimental  results,  la  ths 
following  analysis,  for  simplicity,  the  princi¬ 
pal  radio*  of  curvature  R  and  the  torsion  t6 

ulll  k-  anamviMts*  hv 
"  -~2 


R  • 


4— j 


i 

To  “  o' 


a2*c2 


(3) 


b)  Equations  of  Motion 

Tha  equations  of  motion  may  be  derive'!  in  n 
similar  manner  aa  does  previouelyCl»53.  The 
basic  assumptions  are  that  plane  sections  paral¬ 
lel  to  the  principal  normal  direction  before 
deformation  remain  plain  after  deformation,  the 
crocs  section  of  the  coil  is  uniform,  the  dis¬ 
placements  end  the  rotations  of  the  plena  cress 
section  are  represented  by  those  of  the  centroid, 
strains  ere  smell,  and  that  them  is  no  shear 
deformation.  The  equations  of  motion  may  ha 
written  with  respect  to  a  moving  coordinate 
system  <xa,  y0,  «tt>  at  any  arbitrary  point  of 
the  unstrained  coll.  The  coordinate  system  i» 
defined  so  that  r*  is  tengeut  to  the  coll,  *o 
ia  parallel  to  the  principal  normal  vector,  amd 
the  y0-axla  ia  oriented  so  ee  to  complete  the 
right  handed  coordinate  system. 

The  equations  of  motion  am 
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cC.._*  »•._>  *17 '  *?  * 

aa  ne  »e 

ri  2  >«  .  v  w  -,  -  *26 

'  ?'*  •? 
o 

Rqe.  (44)  aad  (4e)  aqr  be  solved  for  F  and  F 
aa d  substituted  lata  tba  raaf.  of  tba  aquations 
(4c,  k,  c,  f)  ta  obtain  four  aquations  la  tana 
af  tba  four  unknown,  a,  *,  «  and  6.  If  o  »  1, 
tba  abava  equations  a ay  ba  separated  lata  two 
troop# »  eaa  Involving  only  «  aad  w  consonants 
*•4  thf  othtt  iielvilii  only  v  sad  0  cosponaiti. 

t)  Froaeoacv  Iaoatlaaa 

If  aa  aaaoaa  aa  laflalta  trala  of 
sinusoidal  aawaa  la  propagating  la  tba  cell, 
tba  dlsplaeaaants  aad  ft  nay  ba  expressed  aa 

a  -  0<*o.r#>  a*P  Cl(b  *#  -  P  t)3 

*  -  »(*0.y0)  •*»  Cl(k  #0  -  P  t)3 

«  -  exp  C«k  «o  -  P  e)3 

fl  ■  »U0.r0)  aap  Cl(k  *0  -  p  t)3  ;  abaca  (5) 

p-2»f";k-2  w/X;  f  «  freqoarcy 


V*o 


i  -  /rr 


Substituting  Ml-  (5)  lata  Eaa.  (4),  which  ara 
obtalaad  after  olinlaatlag  P  wad  F  ,  tba 
following  faor  aquations  are  obtained: 

*  V  *  V + V  "  0 


UjO  ♦  DjW  +  f  2»  “  0 
UjD  +  J»3«  +  FjF  +  8j»  »  0 

u4»  +  d4h  ♦  r4»  ♦  «4*  -  0 


(«> 


abaca 


•  *  I  JO 

$->*  -  yj  U  ♦  -j-2 — )  ♦  -y-  ^ 

o  «v  a(l+«0  a2  r 


-7> 


T.  * 


®i  "  i  *  T? t2  +  2(i+v)  O  ”  2  } 

•  •  t  ^ 

+4k  +  ^2  +  2 (law) 

* 

*1  -  rt  k  +  2(i+v)  3 

Ad  "  »  C-l  ♦  y*  (J-)2  -  T*  k2  ♦  (J>2  -  3  <J)2] 

.  2  _  a  2  a 

»J  -  iV  +  (*-)  (l  ♦  *y)  -  -^3 

F2  *  to  C~  ^~)2  +  3  k*  +  ^  3 


*>  -  ^  k2  -  2(*-)2  ♦  C^)  -  23) 

O  OK 

®3  “  So  +  2(l+v)  k  ”  +  ^2  * 

F  2{.k^£^  +  -_JL  + 

3  ,  a*  2(i+v)R3  T  o* 

+  y)  (g-)  ♦  k2  (g-)2  -  ) 

Y2  Co  Ca  o4 

H3-^iCi  +  ?jirw)(^)3k2  +  ij) 

A4  *  to  Cl  +  2W  +  W) 

,  .l^  +  !fl}SL<l4*3 

4o  g2 

F,  «  4  {-  [1  +  2(14v)  (*->23  k2  -  (I-)2) 

*  *  '*  o  Ta 

H,  •  -k2  ♦  (g-)2  (^)-  {^")2  (7> 

*  co  c#  r  Y* 

la  Eqa.  (7)  tba  radii  af  gycatloa  Y  and  Y  aad 
tba  aava  aaladtlaa  C.  aad  C,  arc  obtalaad  fcoa 
tba  followlnt  daflnltlooa: 

C  2  *  tXjr;  y2  *  I_/a  “  J  /*  “  J  /* 
a  y  y  * 

c.2  -  Cl/a;  Yx2  -  2(1+0)  (|j) 
tqa.  (17)  aca  sat la (lad  if 


*2 

*3 


®3  F3 
®4  F4 


“l 

0 

*3 


(•) 


Tba 
The 
C  ^  aca 


abava  aquation  la  tba  fcaqaaacy  aquation, 
velocity  Cp  and  tba  gcoop  velocity 


dfc 


(9) 


Tba  fcaqaancy  aquation  la  fleet  solved  far  p 
and  C  .  Tba  groop  velocity  la  obtained 
afsrlcally  fcoa  tba  valnaa  of  p  at  givea  valaaa 
of  k.  Tba  phase  velocity  la  the  rata  at  which 
a  paint  of  constant  phase  travel#  along  tba 
bointdary  aad  tba  velocity  with  which  energy  Is 
traoanlttad  1#  given  by  tba  group  velocity. 

Xq.  (S)  be#  four  positive  real  root# 
except  at  vary  large  wavelength#.  Tba  phaaa 
and  group  velocities  ara  plotted  la  Fig#.  4 
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through  9.  M  shown  in  rig*  4  tor  <um  niiiii 
of  curvature  and  tor* Ion,  tvo  of  tha  phase 
velocities  approach  Infinity  aa  tha  vava  n unbar 
h  dacraaaaa  for  various  valuaa  of  radius  of 
gyration  while  tha  other  approach  zero*  One  of 
tha  latter  two  curves  starts  increasing  again 
aa  the  value  of  k  is  decreased  further,  while 
tha  other  asaunea  coaplax  values  with  very 
snail  imaginary  parts.  This  result  Is  due  to 
tha  nannar  of  computation;  if  tha  frequency 
aquation  la  solved  for  tha  wave  number  for 
real  values  of  frequency,  the  wave  number  would 
assume  complex  value.**  Therefore,  there  are 
only  three  reel  values  for  C  when  k  is  smeller 
chan  approximately  1/K.  Tha  phase  velocity 
approaches  Infinity  whan  the  wavefront  is  almost 
parallel  to  the  boundary.  Three  of  the  values 
approach  the  bar  velocity  C„  aa  k  *  while 
one  of  the  values  approach  C.  as  k  •*  «•.  Similar 
results  were  obtained  whan  the  effect  of  a  U 
neglected.  Conperine  the  results  with  those 
of  the  previous  work*,  it  is  seen  that  the 
curves  marked  "1”  and  “2''  are  associated  with 
tha  u  -  w  node  of  propagation  end  the  ones 
marked  "i"  and  "4"  are  associated  with  tha 
8  -  v  node  of  propagation.  These  results  dif¬ 
fer  from  those  of  the  previous  work1  in  that 
when  o  is  neglected,  the  "3"  curve  does  not 
approach  infinity  as  k  -*  0. 

It  should  be  noted  that  tha  "l"  mods  is 
not  affected  appreciably  by  the  change  in  tie 
radius  of  gyration,  indicating  that  it  is 
closely  associated  with  tha  catena  looal 
deformation  of  the  centroid  of  the  croes-sectlon. 
Tha  "2”  mods  is  naarly  Independent  of  the 
principal  radius  of  curvatuto,  aa  shown  in 
Fig.  6,  and  la  aseociatad  with  the  radial 
flexural  deformation  of  tha  coll.  Tha  phase  and 
group  velocities  for  flexural  modes,  gives  by 
"2”  Is  Flge.  6  aad  7,  closely  resemble  tha 
approximate  theory  of  Kaylalgh9  for  flexural 
wave  propagation  in  n  straight  rod. 

the  influence  of  the  radius  of  torsion  on 
phase  velocity  C_  of  "l*1  is  small  whan  it  is 
varied  from  2  to  60  inches  aa  shown  in  Fig.  5, 
except  when  k  is  small.  Its  affect  of  ”2"  is 
appreciable  at  large  wavelengths,  since  it  la 
assoc  is  tad  with  tha  flexural  mode  of  deforma¬ 
tion.  The  "3"  carve  behaves  about  tha  ease  as 
H2".  Tha  "4"  wade  la  also  Influenced  by 
torsion  st  vary  email  values  of  k. 

As  shame  In  Fig.  6,  the  curvature  has 
negligible  effect  am  C  except  when  k  is  smell. 
Fig.  7  shows  that  the  group  velocity  C.  fester 
with  decrease  in  wavelength  as  the  radius  of 
curvature  increases  in  the  limit  as  k  -*•  •,  the 
present  analysis  should  yield  C_  ■  CQ.  Tha 
present  insult  differs  from  the  previous  work1 
in  that  the  group  velocity  for  the  "3"  mode 
approaches  0  me  k  *  0  In  the  present  case, 
whereas  previously  It  approached  the  sheer 
wave  velocity,  loth  the  "2"  and  "3”  nodes 
exceed  the  her  velocity  C#  and  than  approach  it 


Similar  results  have  beam  obtained  for  vibra¬ 
tion  of  plates  and  were  shown  to  bo  associated 
with  edge  vibrations. 


SS|«rtwtiwSll/  *****  »*»  £•  <■*■»*  1  mw>  ja  »!><n  gnnroirU 

mete  theory  of  kcylelgh  for  e  straight  rod.  The 
"4"  mode  also  exceeds  the  sheer  wave  velocity 
aad  approaches  it  asymptotically  as  the  wave¬ 
length  le  decreased. 

Fig.  8  shews  that  the  group  velocity  of  the 
"1"  mode  la  not  Influenced  much  by  the  change  in 
torsion.  However,  when  a  is  small,  l.e.  o  *  2 
Inches,  the  "2”  mode  undergoes  a  saddle-point- 
llka  transition  which  la  quite  different  from 
when  o  -  60  inches.  The  ”3"  aad  "4“  modes 
depart  from  each  other  when  the  wave  number  la 
larger  than  10  inches-1.  Fig.  9  shows  the 
variation  of  the  group  velocity  as  a  function  of 
the  radius  of  gyration.  All  the  modes  ere 
influenced  by  the  radius  of  gyration,  except  the 
"1"  mode. 

In  short,  the  analytical  results  show  that 
the  waves  with  short  wavelengths  propagate  fester 
than  the  longer  wavelength  wavae  and  as  the 
radius  of  curvature  decreeeee,  the  group  velocity 
decreases  for  e  given  wavelength,  especially  the 
"1”  mode.  The  torsion  le  not  as  important  as 
the  other  parameters,  at  least  In  the  range  of 
parameters  considered  In  this  paper.  The 
diameter  of  the  cross-section  of  tho  coll  ha* 
significant  influence. 


Ill.  DISCUSSIOM  OF  THE  EXPEMMERAL  USOLTS 
BASED  m  THE  TUEOKETICAL  BESUI.TS 

The  experimental  results  can  be  discussed 
qualitatively  in  tone  of  theoretical  findings. 
Both  the  experimental  work  aad  the  theoretical 
results  show  that  dispersion  of  waves  exists 
in  e  tangentially  loaded  helical  coll.  The  rate 
of  dispersion  is  greater  when  the  radius  of  the 
coil  is  small,  as  predicted  by  the  theoretical 
results.  The  experimental  results  also  show 
that  the  stress  pulse  disperses  faster  when  the 
call  le  loaded  at  the  smeller  end.  Tho  disper¬ 
sion  occur*  because  the  initial  pulse  1*  composed 
of  many  waves  of  various  frequencies  which 
propagate  with  different  velocities,  high 
frequency  wave*  propagating  fester  than  the  low 
frequency  waves.  The  length  end  amplitude  of 
tbs  first  pulse  that  arrive*  at  a  given  station 
in  the  coil  became  shorter  end  smeller  with  the 
distance  of  propagation,  since  it  represents  the 
superposition  of  several  Short  wavelength  eonpo- 
uents. 

The  comparison  of  the  experimental  results 
obtained  by  loading  tha  larger  and  with  tboaa 
obtained  by  loading  at  tha  snellsr  and  indicated 
that  tha  euplitudes  of  the  pulse  la  the  former 
case  decrease  gradually,  whereas  in  tha  latter 
esse  the  amplitudes  decrease  suddenly  after 
peaelng  through  tho  coil  with  the  smallest  radius 
of  curvature  aad  remain  about  the  seme  after¬ 
wards.  This  indicates  that  the  first  ceil  in 
the  latter  case  acts  as  e  filter.  Tha  difference 
between  thane  two  esses  la  brought  shout  by  the 
difference  in  the  radii  of  curvature  rather  then 
by  the  ret*  of  curvature  change,  since  the  rat* 

•f  curvature  change  la  one  case  is  negative, 
while  in  tha  other  cos*  it  is  positive.  Then- 
fere,  the  approximation  medt  in  the  analysis 
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reasonable  for  the  experimental  condition* 
■■ployed  la  this  pap«r. 

IV.  CONCLUSION 

Because  of  It*  d la para loo  character 1st lea, 
•  tm|«atlaUy  loaded  bailee)  coll  Bay  bo  used 
a*  a  shock  load  disperser  and/or  an  acoustic 
filter.  The  curvature  and  the  rate  of 
cui/atute  chance  of  the  helical  coil  can  be 
chosen  for  a  given  application  to  control  the 
rate  of  dispersion  and  the  frequency  of 
filtration. 
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TABU  1 


TABULATION  OF  EXFCEXMSNTAL  USULTS 
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Figure  4  Hum  Velocity  n.  Hew  huaber  for 
Various  Value*  of  v  —  "1"  and  "2M 
on  Associated  with  the  u  -  v  nods;  "3”  aad  "4" 
on  4o*oci*to4  with  the  8  -»  and*. 


Figure  4  Fhooo  Velocity  we.  Have  Meeker  for 
l«2aKl>iO.  "1"  a*4  “2“  era 
ioenclatod  with  the  *  -  w  ao4e;  "3"  aad  "4H 
as*  Associated  with  the  •  -  w  soda. 
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Figure  S  Fhaae  Velocity  va.  Wave  NuWber  for 
o  -  2  and  o  •  60.  ”1"  and  "2"  are 
Associated  with  the  u  -  w  aode;  ”3"  and  "4"  ere 
Associated  with  the  8  -  r  aode. 


Figure  7  Crouy  Velocity  wo.  Km  hater  for 
Various  B.  ”1”  and  "2”  are  Associated  with 
the  u  -  w  aode;  ”3"  aad  "t"  are  Associated 
with  the  8  -  w  ao£*. 
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Figure  8  Croup  Velocity  vs.  Wave  Nuober  for  Figure  9  Croup  Velocity  n.  Have  Mbtr  for 

o  -*  2  and  o  *  60.  ”1“  and  "2”  an  Various  Value*  of  y.  "1"  and  U2M  an 

Associated  with  the  u  -  u  aoda;  ”3"  and  "6"  Aaaociatad  with  the  u  -  v  node; 

an  Aaaociatad  with  B  -  v  soda.  "3"  and  "A"  an  Aaaociatad  with  tha  8  -  w  aoda. 


DISCUSSION 


Mr,  EcjtMad  (.he  Boeing  Company):  What  la 
the  length  of  a  spring  necessary  for  low  frequency 
isolation  down  to  2  or  3  Hz? 

Mr.  Suh:  In  this  case  the  wavelength  was  rather 
short  &ad  1  really  do  not  know  what  happens  when  a 
real  long  pulse  Is  applied.  Clearly  if  you  have  a  long 
pulse  then  much  of  that  will  be  near  the  origin  of  the 
curve  that  was  shown  and  only  a  very  small  compo¬ 
nent  will  be  at  the  other  side,  so  that  all  of  the  waves 
may  end  up  travelling  with  a  nearly  constant  velocity. 
Our  main  concern  here  is  the  transmission  of  energy 
and  the  amplitude,  so  in  that,  case  we  may  have  to 
make  the  cdl  fairly  large.  We  have  not  looked  Into 
that  area  yet. 

Mr.  Cary  (B  and  K  Instruments):  I  had  a  question 
as  to  whether  you  had  done  any  conjecturing  as  to 
whether  this  may  represent  a  cochlear  phenomenon 
in  the  human  ear?  Also,  haw  you  experimented 
with  *  graduated  cross  sectional  area  wire? 

Mr,  Suh;  No,  we  have  not  done  that.  In  fact, 
moat  of  this  work  was  done  some  time  ago.  We  are 


contemplating  rarioc  •  geometric  shapes  and  cross 
sectional  areas,  ana  ve  are  also  contemplating  the 
use  of  this  type  of  dispersion  phenomena  and  coll¬ 
iding  tMs  with  absorption  phenomena  by  coulling 
this  in  elastomers.  So  we  are  thinking  of  doing 
something  along  that  line  but  we  have  not  done  that 
yet.  We  have  actually  made  some  experimental 
devices  in  which  we  have  hung  two  quarters  together 
and  applied  a  shock  load.  At  one  end  of  the  quarter 
where  the  load  Is  applied  you  can  really  feel  a  fair 
amount  of  motion  fay  just  putting  your  hand  on  It.  But 
if  you  put  your  hand  at  the  other  end  you  do  not  feel  a 
thing.  I  naked  a  graduate  student  to  work  on  this  and 
to  get  some  experimental  data.  He  tried  to  measure 
the  ware  transmitted  through  the  top  when  we  have 
had  some  complicated  shape  and  every  time  he  did  it 
be  did  not  get  any  output  from  the  strain  gages  at  the 
other  end.  Hie  output  of  the  coil.  So  I  though  he  made 
a  mistake  end  I  was  going  to  show  him  how  to  do  it, 
and  1  went  to  the  laboratory  and  did  It  and  Hie  same 
thing  happened.  Apparently  if  you  combine  this  in  a 
very  ingenious  fashion  then  you  can  practically 
eliminate  all  of  the  amplitude,  so  1  think  it  is  very 
Interesting. 
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ANALYSIS  OF  THE  INVERTING  TUBE  ENERGY  ABSORBER 


J.  M.  Alcone 
Sandia  Laboratories 
Livermore,  California 


An  approximate  analysis  of  the  plastic  deformation  encountered  when  a 
thin- walled  cylinder  is  inverted  is  developed.  Interest  in  this  type  of 
device  arises  from  the  energy  absorbing  requirements  for  protection 
of  critical  components  (or  people)  during  crash  conditions.  Mechanisms 
utilizing  this  process  are  characterized  by  high  specific  energy  absorption 
(SEA)  and  a  rectangular  force-displacement  relation.  Generalized  design 
curves  for  predicting  the  inversion  geometry  and  force  characteristics 
are  developed  (Figures  3,  4).  The  analytical  results  compare  well  with 
experimental  data  from  two  independent  sources  (Figures  3,  4). 


INTRODUCTION 

The  energy  absorption  requirements  of 
spacecraft  landing  structures  have  created  an 
interest  in  plastic  deformation  processes. 
Various  plastic  deformation  processes  have 
been  suggested  in  the  literature;  11,2,3]  of 
these,  one  of  the  most  interesting  is  the  inver¬ 
sion  (turning  inside  out)  of  a  thin-walled  cylin¬ 
der.  Mechanisms  utilizing  tvis  process  are 
characterized  by  high  specif!-,  energy  absorp¬ 
tion  (SEA)  and  a  rectangular  force-displace¬ 
ment  relation.  This  allows  them  to  be  used  as 
rigid  structural  members  which  possess  pro¬ 
tection  against  overloading. 


DISCUSSION 

The  inverting-tube  configuration  con¬ 
sidered  here  is  shown  in  Figure  1.  The  tube 
is  assumed  to  be  in  the  position  shown  at  time 
zero  (i.  e. ,  we  are  interested  only  in  the  prop¬ 
agation  of  the  inversion).  To  facilitate  the 
analysis,  the  following  model  process  will  be' 
assumed. 

The  cylinder  experiences  plastic  bending, 
tangential  extension,  radial  thinning,  and  axial 
shortening  while  passing  from  its  original  dia¬ 
meter,  through  a  half-toroidal  shape,  to  its 
final  diameter.  The  plastic  bending  is 


assumed  to  occur  in  two  steps.  The  first  bend 
through  180*  is  spread  over  the  half-toroidal 
shape.  The  second  (straightening)  bend 
through  180*  is  concentrated  at  the  intersec¬ 
tion  of  the  half  toroid  and  the  final  cylinder. 

The  tangential  extension  is  assumed  to  occur 
gradually  over  the  half  toroid.  The  radial 
thinning  and  axial  shortening  strains  are  as¬ 
sumed  to  be  equal  [4]  and  to  satisfy  constancy 
of  volume  (see  Figure  2). 

In  addition  the  following  assumptions  are 
made: 

1.  The  material  is  a  rigid  plastic. 

2.  The  stress-strain  relatio  i  is  unaffect¬ 
ed  by  triaxial  stress  and  ra*e  of 
straining. 

3.  The  material  volume  remains  constant. 

4.  The  wall  curvature  effects  are  negli¬ 
gible. 

5.  The  neutral  axis  lies  on  a  semicircle 
of  radius  R  =  Ctg/2. 

6.  The  propagation  force  is  constant. 

7.  There  are  no  friction  losses. 
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A  discussion  of  the  above  assumptions  is  in¬ 
cluded  in  the  final  section  of  this  report. 


«AV  :  *<15  1  to  +  2  <4) 


Generalized  design  curves  for  predicting 
the  inversion  geometry  and  force  character¬ 
istics  have  been  developed  (Figures  3,4).  The 
analytical  results  compare  well  with  experi¬ 
mental  data  from  two  independent  sources 
(Figures  3,4).  When  these  curves  are  used, 
the  tube  diameter,  wall  thickness,  and  mater¬ 
ial  required  to  satisfy  the  needs  of  any  appli¬ 
cation  can  be  determined. 

As  can  be  seen  fromFiguro  3,  the  analysis 
developed  m  this  paper  is  in  much  better 
agreement  with  the  experimental  data  than 
analyses  previously  published.  {3i  Figure  i 
is  a  new  presentation  of  the  data  which  iaciii- 
tates  the  determination  of  the  geometric  con¬ 
figuration  and  the  material  properties  winch 
satisfy  a  specific  application. 


MATHEMATIC  A' .  ANALYSIS 


Plastic  Deformation  Energy/Bend 


M2  =  ~(D+  t  +  2Ci  )  — ..  ,  (5) 

(I  0  4  V  ' 


t2-2 

ub =  '“r — (2D  +  2,o +  3CV  (G) 


2.  Tangential  Expansion  Energy, 


JTAN  =  /. 


,(D+t0+2Ct0)  c 


-U>+T  ) 


2,  .2  3 
-  -  C  t  " 

0  yd 


"  w~—  t  d£ 

vd  0 


3.  Radial  Thinning  and  Axial  Shortening 
Energy,  U_,„ 


’..  Bending  Energy, 

We  assume  the  bending  energy  con¬ 
sists  of  two  terms  as  shown  below. 


Assuming  that  the  axial  and  thinning 
strains  are  equal  and  that  the  volume 
of  the  deformed  material  remains 
constant,  let 


w 


Mjd*  + 


£t  =  €S  =  e 


Initial  material  volume 


M.  is  the  average  bending  moment 
acting  on  the  material  during  the 
toroidal  phase  of  the  inversion.  If 
a  stress  distribution,  as  shown  in 
Figure  2,  is  assumed  and  the  cylinder 
wall  cross-sectional  area  at  ♦  =  <?/ 2 
is  used.  Mj  can  be  written  as  shown 
below. 


vi  --r  vtD  +  v 


Final  material  volume 


Vf  =  (i  -«)t0(l  -  «}n(D  +  t0  +  2Ci0> 


A1AV  =  +  *0  +  CV  T 


Vf  *  V£ 


Therefore 


Ml=  °ydA,A-/f  *’<D  +  VCV 


_0 

4  "yd 


In  a  similar  manner,  with  A2^y  as 
shown  below,  we  can  evaluate  Mg. 
the  average  "straightening"  moment. 


£  =  1 


I  (D  +  t0  +  2Ct0) 


To  calculate  the  energies  involved,  we 
assume  that  .he  deformations  occur  at 
the  average  of  the  initial  and  final  tube 
diameters.  Thus,  the  axial  shorten¬ 
ing  and  radial  thinning  (Ug  and  U^) 
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can  be  written  as  shown  below. 


»Ct 

US  =  °ydtO!'^D  +  *0  +  Ct0>  2 


■V— 2-1 

f(D  +  t0  2Ct0)J 


’Cto 

L.’  =  •yd~'<D  +  tO  +  CtO)tO 


(12) 


(13) 


and 


«TS*  V’2c,o 


(D  » t0  *  Ct0l 


f,  J  D»‘°  1 

l  "®*‘o*2CVJ 


a  minimum  force.  Thus,  we  minimize  P  with 
respect  to  C.  Setting  rtP/fiC  =  0  yields  the 
equation  shown  beiow. 


(14) 

Total  plastic  deformation  energy /bend, 
U 

U*Ub  +  UTAN  +  UTS  <15> 

Minimization  of  Propagation  Force.  P 

By  equating  the  work  done  by  the  propa¬ 
gation  force  to  the  plastic  deformation  energy, 
we  can  solve  for  P. 

WORK  *  P»CtQ  =  U  (16) 

Therefore 

[(2D  +  2t  +  3Ct  )r 

- JE - - 

+  »Ct0+^Ds  t0  +  Ct0) 

To  find  C,  the  inversion  radius  coeffici¬ 
ent,  we  assume  the  process  wants  to  occur  at 


The  above  equation  was  solved  for  C  for 
tjj/D  values  between  0  and  0. 1  (range  of  inter¬ 
est)  via  numerical  techniques.  The  resulting 
values  of  C  are  plotted  in  Figure  3.  Experi¬ 
mental  values  of  C  from  References  2  and  3 
are  also  shown  in  Figure  3  for  comparison 
purposes. 


EVALUATION  OF  ASSUMPTIONS 

Average  areas  and  diameters  were  used  to 
simplify  the  development  of  the  analysis.  This 
is  justifiable  in  view  of  their  relatively  small 
variation.  The  assumption  that  radial  thinning 
and  axial  strains  are  equal  is  based  on  the  ex¬ 
perimental  observation  made  in  Reference  3. 
Assumptions  1,  2,  and  3  were  made  on  the 
basis  of  the  fact  that  moii  materials  used  for 
this  application  are  described  by  the'-e  assump¬ 
tions  (at  low  strain  rates).  For  small  tQ/D 
ratios,  assumption  4  should  be  valid.  Assump  ¬ 
tions  1  and  6  are  actually  equivalent.  Assump¬ 
tion  7  implies  lubricated  dies  of  the  proper 
dimension.  Assumption  5  is  not  justifiable.  It 
can  be  easily  checked  by  introducing  other 
terms  into  the  radius  expression  and  observing 
the  resulting  minimum  propagation  force 
requirements. 
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THE  EFFECTS  OF  PAYI.OAD  PENETRATION  AND  VARIOUS  ANALYTICAL  MODELS 
ON  THE  DESIGN  OF  A  SPHERICAL  CRUSHABl  E  CASING 
FOR  LANDING  ENERGY  ABSORPTION 


by  Robert  \V  Warner  and  Margaret  Covert 
NASA  Ames  Research  C enter 


SUMMARY 

The  Important  consequences  of  penetration  by  a 
spherical  payload  into  its  crushablc  casing  during 
landing  impact,  as  established  earlier  for  two  ana¬ 
lytical  models,  are  verified  for  five  additional  models. 
Three  groups  of  design  examples  are  presented  for 
an  impact  velocity  of  30C  feet  per  second  with  a 
choice  of  zero  or  "perfect"  bonding  between  tb-  pay- 
load  and  tile  casing,  hi  two  of  these  three  groups  of 
exa-nptes,  the  use  of  bonding  to  prevent  payload  pene¬ 
tration  increases  the  weight  of  the  crushable  casing. 


INTRODUCTION 

For  the  safe  unmanned  landing  of  a  data- 
transmitting  or  supply  payload  on  a  celestial  body 
or  elsewhere,  the  ability  of  rocket  controls  to 
achieve  a  soft  and  oriented  touchdown-  will  be  dimin¬ 
ished  if  a  strong  and  turbulent  lateral  wind  is  present, 
particularly  in  the  neighborhood  of  a  steep  landing 
site.  If,  therefore,  a  hard  and  unoriented  Impact  Is 
tiie  design  choice,  with  possible  secondary  impacts 
doe  to  bouncing  and  rolling,  a  safe  landing  requires 
that  tiie  payload  be  surrounded  by  a  crushable  casing. 
In  tact,  an  unoriented  impact  suggests  the  use  of  a 
spherical  payload  and  a  spherical  casing  (refs.  1-9), 
as  shown  in  figure  1,  although  other  shapes  are  under 
consideration  for  various  reasons  (refs.  2, 3,  8, 10). 


was*  TWO- MM  HCSSHT  HWCB 

t  ANALYTICAL  MODELS  7  ANALYTICAL  IA90CLS 

Fig.  1.  Illustration  of  Definitions  and  Purpose 


Until  a  few  months  ago,  previous  work  on  eras¬ 
able  casings  (refs.  1-10)  neglected  the  effect  of 
penetration  by  the  payload  into  its  casing.  This 
effect  is  illustrated  in  figure  1  by  the  relative  motion 
between  the  payload  and  the  casing.  Except  for 
analyses  with  unusually  limiting  assumptions,  pre¬ 
vious  work  (refs.  1-10)  also  neglected  the  effect  of 
variations  during  the  impact  in  the  mass  being 
decelerated.  This  effect  results  from  the  accumula¬ 
tion  of  crushed  casing  material  on  the  landing  surface 
at  rest  and,  if  penetration  occurs,  on  the  payload 
surface  at  the  payload  velocity,  as  illustrated  in  two 
locations  by  the  vertical  shading  in  figure  1.  Also 
neglected  in  past  analyses  has  been  the  tact  that 
the  cr  ished  casing  material  just  discussed  builds  up 
during  impact  and  the  fact  that  decelerating  stress 
values,  which  are  available  primarily  from  nearly 
static  crushing  tests,  most  act  at  die  boundary 
between  the  built-up  material  and  the  unc rushed 
materia]  rather  than  at  the  ground  surface  or  tile 
payload  surface.  The  resulting  change  in  the  decel¬ 
erating  force  is  referred  to  herein  as  the  "built-up- 
material"  effect. 

The  fairly  probable  increase  in  crushable 
casing  weight  when  penetration  is  prevented  by 
bonding  the  payload  to  the  casing  1ms  recently  been 
demonstrated  for  two  analytical  models  in  NASA 
TN  D-5833  (ref.  11).  hi  the  present  paper,  the 
primary  purpose  la  to  determine  whether  that  con¬ 
clusion  continues  to  apply  for  seven  analytical 
models,  where  tiie  five  additional  models  involve 
simple  departures  from  the  original  two  with  regard 
to  variable  mass  and  built-up  material. 


NOMENCLATURE 

ye  value  of  g  on  earth  (32.17  ft/sec2  herein) 

Optaax  maximum  value  of  g  loading  that  occurs 
during  impact  stroke 

qp^^  maximum  absolute  displacement  of  payload 
after  initial  contact  between  crushable 
material  and  landing  surface 
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qs  value  of  payload  displacement  at  which  pay  Stum  of  t»iv  ussa. apt  ions  to  the  develop0  ent  of 

load  penetration  onur-  or  would  -K-eur  if  the  analytical  no  Is  ere  illustrated  In  figure  t.  No 

unbonded  crushed  material,  for  example,  is  shown  trail  in*.'  out 

II  overall  radius  for  spherical  system  l«>ard  of  the  penetrating  payload;  nor  is  any  crusneJ 

Up  pavioad  radius  for  spherical  system  material  shown  tifli  J  off  the  landing  surface.  Suc’i 

SKA  specific  energy  absorption;  energy  absorbed  shear  deformations  are  neglected  in  the  analysis.  In 

per  unit  weight  of  the  absorber  addition,  the  symmetrical  distribution  of  crushed 

i’o  value  of  landing  vehicle  velocity  at  the  instant  materia!  In  figure  1  indicates  that  rolling  is  not 

the  crushable  material  hits  the  landing  sur-  incorporated  in  the  analysis.  This  is  a  conservative 

face  Cl oo  ft/ sec  herein!  approach  neoause  the  symmetrical  landing  should  be 

WCI>  original  earth  weight  ot  .me rushed  crushable  the  most  critical  for  a  spherical  system.  The  landing 

material  surface  is  assumed  to  be  smooth,  as  shown  In  figure 

Wpo  earth  weight  of  payload  1 ,  with  projections  assumed  accounted  for  by  the 

fictitious  value  of  compacting  strain  assumed  stroke  margin  of  safety.  For  the  inclusion  of  gravity 

for  design  purposes;  always  less  than  «m  effects,  the  landing  surface  is  assumed  to  be  hori- 

compacting  strain  of  crushable  material  zontal;  but  these  effects  turn  out  t*.  be  negligible  for 


(O.s  herein) 

P  _  uniform  density  of  crushable  material 
cm  *  . 

Pp  payload  packaging  density;  "p<y*e 

(4/3)rllp3 

u0  maximum  value  of  crushing  stress  of  crush- 
able  material 


DEVELOPMENT  OF  ANALYTICAL  MODELS 

All  of  the  analv'Val  models  are  based  on  a 
one-degree-of-freedom  analysis  prior  to  payload 
penetration,  w  ith  the  payload  and  the  crushable 
casing  acting  as  a  unit,  and  a  two-degree-of-freedom 
analysis  when  penetration  occurs,  with  relative 
motion  permitted  between  the  payload  and  the  casing. 
The  existence  of  penetration  requires  that  the 
material  c rustling  stress  is  exceeded  at  the  pay- 
load  surface  and  is  assumed  to  require  that  the 
payload  is  not  even  partially  bonded  to  the  crush- 
able  material.  The  decelerating  forces  during 
penetration  are  provided  by  the  crushing  stresses 
at  the  payload  surface  and  the  landing  surface,  or 
near  those  surfaces  if  the  built-up-material  effect 
is  incorporated  in  the  particular  analytical  model. 
These  stresses  are  assumed  to  be  maximum  and 
uniform  in  the  direction  radial  from  the  original 
sphere-center. 

It  should  be  noted  that  acceleration  and  stress 
equations  are  incorporated  In  the  analysts  as  well 
as  motion  equations  (where  the  acceleration  equation 
is  simply  a  motion  equation  solved  for  acceleration, 
with  different  parameters  allowed).  The  acceleration 
equation  Is  include!  because  the  payload  is  limited 
to  a  specified  g-loading  and  the  stress  equation 
because  the  stress  at  the  payload  lower  surface  must 
be  known  to  determine  the  presence  or  absence  of 
penetration  for  an  unbonded  upper  surface.  These 
equations  are  presented  in  ref.  1 1 ,  together  with  a 
detailed  discussion  of  assumptions. 


hard  impacts  (the  local  gravity  accelaration  being 
taken  as  12.3  ft/sec2,  the  value  for  Mars), 

It  Is  also  apparent  In  figure  1  that  definite  bound¬ 
aries  have  been  assumed  between  the  crushed 
material  (vertical  shading)  and  the  unc rushed  material 
(unshaded),  it  is,  in  fact,  assumed  that  each  succes¬ 
sive  layer  of  material  has  a  jump  in  velocity  as  it 
moves  from  the  uncrushed  to  the  crushed  region  and 
that  there  is  only  one  velocity  in  each  region.  In 
addition,  the  effects  of  shear  resistance,  end  fixity, 
Poisson's  ratio,  damping,  and  dynamic  buckling  are 
considered  adequately  incorporated  because  of  their 
assumed  presence  in  the  crushing  tests  which  deter¬ 
mine  the  crushing  stress  used  is  die  analysis.  TT  j 
density  of  the  uncr»shed  crushable  material  Is  as¬ 
sumed  uniforn,  and  perfect  rigidity  is  assumed  for 
the  payload  and  toe  landing  surface.  Finally,  an 
exterior  cover  is  assumed  for  die  crushable  casing 
material  which  Is  strong  enough  to  prevent  material 
shattering  and  yet  weightless  (except  for  comparison 
with  experiment,  in  which  case  die  known  cover  mass 
Is  assumed  uniformly  distributed  in  the  crushable 
material). 

When  the  equations  of  motion  are  used  to  describe 
an  impact,  the  sizes  of  the  vertically  shaded  regions 
of  crashed  material  in  figure  1  are  important  if 
stressed  areas  are  to  be  known  for  the  built-up  - 
materlal  effect.  These  sizes  are  determined  by  die 
compacting  strain  of  the  crushable  material,  which 
is  the  strain  at  which  die  stress  rises  abruptly  from 
a  relatively  constant  value.  A  second  and  fictitious 
compacting  strain  is  also  used  for  an  entirely  dif¬ 
ferent  purpose.  This  strain  is  smaller  than  die 
actual  value  and  increases  the  apparent  size  cf  the 
vertically  shaded  regiacs  to  figure  1.  For  an 
efficient  impact  design,  these  enlarged  regions  are 
required  tr,  touch  each  other  when  the  impact  energy 
is  fully  absoibed,  and  thus  the  fictitious  design  com¬ 
pacting  strain  provides  a  margin  of  safety  for  the 
stroke. 


At  this  point,  it  is  useful  to  distinguish  the  var- 


They  are  labeled  "A"  through  "G"  and  differ  as  to 
whether  they  account  for  variable  mass  and  built-up 
material  in  the  motion  equations  or  in  the  accelera¬ 
tion  and  stress  equations.  The  acceleration  and 
stress  equations  are  treated  together  rather  than 
independently  with  respect  to  variable  mass  and 
buili-up  material  in  order  to  reduce  the  numher  of 
analytical  models. 
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Fig.  2.  Analytical  Models  for  Landing  Impact 
Energy  Absorption 

The  "A"  and  "B"  models  are  the  models  analyzed 
in  ref.  1 1 .  with  the  "B"  model  having  all  of  the  effects 
of  variable  mass  and  built-up  material  and  with  i*... 
"A"  model  having  none.  Since  these  effects  are 
easier  to  incorporate  in  the  acceleration  and  stress 
equations  than  in  the  equations  of  motion,  the  *'C", 
"D".  and  "E"  models  represent  the  simplest  additions 
of  complexity  relative  to  the  "A"  model.  The  "K“  and 
"G"  models  are  included  to  incorporate  the  effects  o: 
variable  mass  and  built-up  material  separately  and 
consistently. 

It  is  apparent  that  "C”.  ’‘IT,  "E",  ”F”.  and  "G" 
arc  intermediate  models  which  could  be  used  to 
investigate  counteracting  influences.  For  present 
purposes,  however,  they  are  restricted  to  checking 
prior  conclusions  from  the  "A”  and  ”B"  models  on 
the  desirability  of  preventing  penetration  by  bonding 
the  payload  to  the  casing. 

It  should  be  noted  that  the  "A"  model  is  the  onlv 
one  for  which  the  local  acceleration  due  to  gravity 
is  assumed  to  lie  zero  and  the  resistance  to  payload 
penetration  to  be  constant.  Fortunately,  these  limi¬ 
tations  have  been  shown  to  have  esscntiallv  no  effect 
on  the  design  results  for  the  examples  to  be  discussed 
later,  and  they  do  permit  the  use  of  simple  design 
charts  for  the  "A”  model.  These  design  charts  are 
presented  and  discussed  in  ref.  1 1 . 

For  all  models  except  the  "A”  model,  designs 
are  based  exclusively  on  computer  programs  which 
solve  the  one  or  two  ordinary  differential  equations 
numerically.  If  desired,  these  programs  can.  of 
course,  be  used  for  the  ‘’A’’  model  as  well  as  the 


others,  and  the  "A"  model  results  to  be  presented 
iii  this  paper  5rc  program  rcsultn. 

Three  programs  have  been  assembled  and  are 
available  from  the  Ames  Research  Center.  Each 
program  can  be  used  for  any  of  the  analytical  models 
bv  a  simple  selection  procedure.  The  first  of  these 
programs  checks  a  given  configuration,  including  pay- 
ioad  penetration  when  it  occurs,  but  does  not  automat¬ 
ically  carry  out  a  design  function.  The  second  program 
Iterates  successive  configurations  to  determine  the 
outer  radius  and  crushing  stress  required  for  a  given 
class  of  crushabie  material  to  achieve  a  specified 
deceleration  and  stroke  margin  of  safety  with  a  given 
payload.  Payload  penetration  is  not  included  in  the 
second  program  because  the  crushing  stress  required 
for  a  specified  payload  deceleration  can  be  determined 
in  advance  for  penetration,  in  addition,  with  or  with¬ 
out  penetration,  the  lightest  configurations  can  some¬ 
times  be  achieved  by  "oecifving  the  crushing  stress 
in  advance.  As  a  result ,  a  third  program  has  been 
assembled,  including  penetration  when  it  occurs— a 
program  which  iterates  successive  configurations 
far  a  given  crushing  stress  to  determine  only  the 
crushabie  material  outer  radius  required  to  achieve 
a  specified  stroke  margin  of  safety. 

For  the  second  and  third  programs,  the  execute 
time  depends  on  the  quality’  of  the  initial  design  guess 
as  well  as  the  complexity  of  the  model.  These  usu¬ 
ally  nonsepu ruble  quantities  caused  a  range  from 
0.4P  to  0.sr>  minutes  of  execute  time  (with  some  sub 
averaging)  for  the  present  applications  of  the  second 
program,  which  achieves  a  specified  deceleration  as 
well  as  a  specified  stroke  margin.  The  third  pro¬ 
gram.  which  achieves  only  a  specified  stroke  margin, 
required  from  0.17  to  0J»3  minutes  in  the  absence  of 
payload  penetration  except  for  some  times  up  to  1.16 
minutes  resulting  from  a  search  for  nonexistent 
penetration.  In  the  presence  of  payload  penetration, 
the  third  program  required  from  0.47  to  0.66  minutes 
for  the  "A”  model  and  from  4.."*>  to  (>.2:>  minutes  for 
the  other  models,  with  the  time  advantage  for  the 
"A”  model  resulting  from  its  harmless  limitation  to 
a  constant  resistance  to  penetration.  A  series  of 
spot  checks  indicated  that  the  presence  or  absence 
of  the  local  acceleration  due  to  gravity  has  no  sig¬ 
nificant  effect  on  execute  time. 

It  is  important  to  realize  that  onlv  the  "A”  and 
"B"  models  in  figure  2  have  been  compared  with 
experimental  results,  with  the  other  models  added 
to  check  the  sensitivitv  of  prior  conclusions  on  pav- 
load  lxmding.  These  experimental  results,  which 
were  Determined  elsewhere  (ref.  :>  and  a  private 
commur.icat’on*!.  demonstrate  the  existence  of  pav- 
load  penetration  and  agree  within  10  to  30  percent  on 
deceleration  and  stroke  with  corresponding  analvses 
bv  the  "A"  and  "It"  mode's.  There  are  no;  enough 
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data  to  determine  which  model  is  quantitatively  better, 
,imi  this  suggests  the  use  ot  the  "A"  model,  for  which 
simple  design  charts  are  availaldc  (ref.  !  1). 


DESCRIPTION  OF  CUI  SHABI.K  MATKKIAI.S 

The  foregoing  discussion  of  analytical  models 
has  already  suggested  some  of  the  properties  of  the 
crushable  materials  involved.  In  figure  3,  for  ex¬ 
ample,  curve  ABODE  is  a  typical  stress-strain  curve 
with  the  compacting  strain  at  point  0,  where  the 
stress  rises  abruptly  from  a  relatively  constant 
crushing  stress,  as  stated  earlier.  This  strain 
ranges  from  O.t!  for  close-packed  crushable  materi¬ 
als  to  nearly  1 .0  for  open  crushable  structures.  In 
the  present  analvsis.  the  compacting  strain  is  as¬ 
sumed  to  be  uniform  and  isotropic  throughout  the 
material,  regardless  of  the  direction  of  maximum 
stress. 

ArCHAC-C  CHuSl'NS  S’SESS 


StPia, 


Fig.  3.  Stress-Strain  Curve  for  Tvpical  Crushable 
Material 

With  regard  to  the  shape  of  the  stress-strain 
curve,  the  strain  increments  ut  the  elastic  region 
between  A  and  B  and  the  rebound  region  between  D 
and  E  should  be  as  small  as  possible  in  order  to 
minimize  bounce-back.  Since  the  area  enclosed  by 
the  stress- strain  curve  is  the  energy  absorbed  per 
unit  of  material  volume,  the  curve  should  approach 
a  rectangle,  which  gives  the  maximum  ares  for  a 
specified  maximum  crushing  stress.  This  is  the 
reason  for  limiting  the  maximum  usable  strain  to 
that  at  point  D,  which  has  a  stress  equal  to  the  pre¬ 
vious  maximum  at  point  B.  Actualiy,  for  the  analyti¬ 
cal  models,  the  material  is  assumed  to  have  a 
perfectly  rectangular  stress-strain  curve  which  is 
bounded  bv  the  compacting  strain  at  point  C  and  the 
average  crushing  stress,  as  shown  dotted  in  figure  3. 


The  classes  of  material  In  figure  4  are  labeled 
tight  balsa,  heavy  balsa,  and  honeycomb-like,  with 
the  formulas  for  the  light  balsa  and  honeycomb- ilka 
classes  based  on  curve  fits  available  in  the  litera¬ 
ture  (ref.  2.  p.  259).  The  modest  term  "honeycomb¬ 
like''  is  used  because  Its  curve  fit  of  the  data  Is 
rather  loose  and  covers  several  types  of  aluminum 
and  fiberglass  honeycomb.  For  the  material  of  inter¬ 
mediate  efficiency,  heavy  balsa,  the  constant  specific 
energy  absorption  is  verifiable  in  the  literature  (ref. 
12,  p.  H-17);  but  the  value  of  the  constant  has  been 
lowered  to  make  a  later  point.  This  decrease  in 
efficiency  can  be  roughly  accomplished  physically  by 
covering  the  spherical  outer  surface  of  the  crushable 
casing  on  the  landing  vehicle  with  a  heavy  layer  of 
weak  material. 


SkO5- 


a  «J000 
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Fig.  4.  Energy- Absorption  Properties  for  Three 
Classes  of  Crushable  Material 

The  lowest  values  of  crushing  stress  for  file 
solid  curves  in  figure  4  correspond  to  the  stated 
limits  for  the  solid  materials.  For  the  light  balsa 
and  the  her.vy  balsa,  however,  the  curves  have  been 
extended  with  dashed  lines  down  to  two-thirds  of  the 
lower  limits  for  the  solid  curves.  This  assumes  that 
one-third  of  the  material  can  be  removed  by  coring 
in  the  radial  direction  without  introducing  significant 
buckling,  end  effects,  and/or  Poisson  ratio  effects 
and  thereby  reducing  the  specific  energy  absorption. 


When  the  area  enclosed  by  the  stress-stain  It  should  be  noted  for  future  reference  that  the 

carve,  in  foot-pounds  per  cubic  foot,  is  divided  by  coring  just  described  produces  a  knee  where  the 

the  crushable  material  densitv,  in  pounds  per  cubic  dashed  curve  for  the  light  balsa  in  figure  4  meets 

foot,  the  resulting  quantitv,  in  foot-pound,  per  pound  the  decreasing  solid  curve.  It  should  also  be  noted 

of  material,  is  sometimes  called  the  specific  energy  that  specific  energy  absorption  increases  with  In¬ 
absorption.  This  is  a  commonlv  accepted  figure  of  creasing  crushing  stress  for  the  honeycomb-like 

merit  for  energy  absorbing  materials,  struts,  or  class,  in  contrast  to  the  light  balsa.  It  should  fi- 

overall  systems— the  higher  the  better .,  In  figure  4,  nallv  be  noted  that  each  curve  in  figure  4  represents 

it  is  plotted  against  crushing  stress  as  a  means  of  a  class  which  contains,  in  principle,  an  infinite 

defining  the  three  classe-  of  crushable  material  number  of  crushable  materials,  one  of  each  crushing 

considered  herein.  stress. 
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RESULTS  AND  DISCUSSION 


Several  design  examples  have  been  carried  out 
utilizing  the  honeycomb -like  material  just  discussed 
for  a  payload  weight  of  JOO  pounds.  The  resulting 
crushahle  casing  weights  in  pounds  are  plotted  in 
figure  5f  against  pavload  radius  in  feet,  with  a  non¬ 
linear  scale  attached  for  payload  packaging  density 
ia  pounds  per  cubic  foot.  These  casing  weights  are 
fairly  high  because  the  honeycomb-like  material  is 
inefficient  An  inefficient  material,  with  the  re¬ 
sulting  heavy  casing,  is  required  to  keep  the  100 
pound  payload  from  feeling  g-loadings  higher  than 
the  arbitrarily  assigned  limit  of  2000  when  payload 
penetration  is  absent  (open  symbols  in  fig.  5). 


PC<lO*0  hmkjs.  fl 
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Fig.  5.  Crushable  Casing  Weight  for  Honeycomu- 
like  Material  and  a  Payload  Weight  of 
100  Pounds. 

An  important  design  condition  is  that  all  design 
examples  in  figure  5,  including  the  penetration 
examples  with  solid  symbols,  arts  required  to  ha'1? 
a  g-loading  of  2000.  Preliminary  camples  have 
shown  that  this  use  of  the  maximum  permissible 
g-loading  results  in  minimum  crushable  casing 
weight  for  all  examples  with  Honeycomb-like 
material.  The  impact  velocity  is  300  feet  per  second, 
the  material  compacting  strain  is  0.8,  and  the  design 
compacting  strain  is  0.7.  For  these  and  all  sub¬ 
sequent  examples,  there  is  a  choice  between  zero 
and  a  hypothetical  "perfect"  bonding  between  the 
crushable  casing  and  the  top  of  the  payload. 

As  might  be  expected,  the  crushable  casing 
weight  Increases  as  the  payload  radius  increases 
(and  as  the  packaging  densitv  decreases)  in  figure  C- 

*  Numerical  results  for  these  and  other  examples, 
including  outer  radius  and  other  pertinent  parameters, 
are  presented  in  Table  1. 


without  penetration.  This  trend  applies  foe  all  the 
analytical  models,  "A”  through  ”G”,  with  fie  "A” 
and  "B"  models  of  reference  11  roughly  in  the  middle 
of  a  rather  wide  band.  Hie  hand  is  wide  enough  to 
make  a  designer  wish  there  were  enough  experimental 
data  to  determine  the  best  analytical  model  in  the 
absence  of  penetration. 

When  penetration  is  present  in  figure  5,  however, 
the  band  is  small  enough  to  be  neglected  as  shown  by 
the  filled  symbols.  Note  that  only  three  models  in¬ 
volve  payload  penetration,  and  these  only  at  the  lowest 
payload  radius  considered.  The  existence  of  penetra¬ 
tion  at  this  radius  means,  however,  that  the  "A",  *'C", 
and  "F"  models  require  bonding  for  universally  non¬ 
penetrating  designs. 

It  is  important  at  this  point  to  no*ice  in  figure  5 
that  the  nonpenetration  designs  for  the  "A",  "C”,  and 
”F"  models  have  higher  crushable  casing  weights 
than  the  corresponding  penetration  designs  (the  rea¬ 
son  being  that  penetration  permits  a  higher  crushing 
stress  without  exceeding  the  g-loading  limit  of  2000, 
which  increases  the  specific  energy  absorption  for 
the  honeycomb- like  class  of  material).  Thus  the  *“C" 
and  "F"  models  bear  out  what  was  noted  in  ref.  1 1 
for  the  *'A"  model,  namely  that  penetration  should 
not  he  prevented  by  bonding  for  the  honeycomb-like 
material.  This  result  may  be  fairly  general  since 
most  materials  have  a  positive  SEA  -uc  slope  similar 
to  the  honeycomb-like  material  in  figure  4.  This  is 
true  even  for  most  balsas,  with  the  two  balsa  curves 
in  figure  4  being  exceptions. 

In  figure  6,  several  design  examples  are  presented 
utilizing  the  light  balsa  material  with  a  payload  weight 
of  450  pounds.  Although  the  payload  weighs  4  1/2 
times  the  weight  in  the  previous  examples  and  has 
radii  almost  twice  as  large  for  the  same  impact 
velocity  and  compacting  strains,  the  crushable  casing 
weights  without  penetration  are  roughly  the  same  or 
slightly  smaller.  The  reason  Is  that  the  heavy  payload 
permits  the  use  of  ihe  highly  efficient  light  balsa  with¬ 
out  exceeding  the  g-loading  limit  of  2000. 

The  crushing  stress  was  specified  as  the  lowest 
available  value  (800  psi)  without  penetration  and  the 
value  at  the  knee  of  the  speciffc-energy-absorption 
curve  (1200  psl)  with  penetration.  These  stresses 
define  the  extremes  of  the  cored-balsa  region,  for 
which  the  specific  energy  absorption  is  a  constant 
24,000  foot-pounds  per  pound,  and  yield  the  lightest 
possible  casings  for  each  example  according  to  pre¬ 
liminary  calculations. 

In  the  absence  of  payload  penetration  (open  sym¬ 
bols  In  fig.  6),  the  crushable  casing  weight  increases 
with  increasing  payload  radius  as  before..  The  trend 
is  once  again  the  same  for  all  analytical  models,  but 
the  band  Is  a  little  narrower  this  time. 
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found  or  developed— one  which  would  compete  favorably 
nitii  iSitr  pciiciraitng  light  balsa  design.  The  penetrating 
design  will  always  have  the  advantage  of  simplicity, 
however,  in  the  sense  of  requiring  no  bond  between  the 
payload  and  the  crushable  material. 
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In  the  presence  of  payload  penetration  {solid 
symbols  in  figure  6),  the  band  is  small  enough  to  oe 
neglected.  This  time,  however,  all  models  penetrate 
at  the  lowest  payload  radius  considered  and  most 
models  at  the  next  to  lowest;  and  this  time  the  pene¬ 
tration  adds  to  the  crushable  casing  weight  and  makes 
bonding  desirable. 


Fig.  7.  Effect  of  Penetration  on  Crushable  Material 
Weight  for  Different  Classes  of  Material 
with  a  100  Pound  Payload  at  Two  Payload 
Radii. 


CONCLUDING  REMARKS 


If  die  payload  is  not  bonded,  the  wavy  lines  in 
figure  6  indicate  ranges  for  the  payload  radius  which 
yield  the  lowest  crushable  casing  weight.  The  exis¬ 
tence  of  such  an  optimum  payload  radius  for  all 
models  strengthens  a  similar  result  for  the  "A” 
and  "B"  models  In  ref.  1 1 , 

In  the  examples  given  so  far,  the  effect  of  pene¬ 
tration  has  been  evaluated  only  within  a  single  class 
of  crushable  materials.  For  the  1  uO  pound  payload, 
however,  penetration  permits  a  change  from  the 
honeycomb-like  class  of  material  to  the  much  more 
efficient  light  balsa  class  without  exceeding  the  g- 
loading  limit  of  2000.  As  illustrated  in  figure  7, 
this  change  results  in  a  substantial  decrease  in 
crushable  casing  freight  at  payload  radii  of  0.6  and 
0,7  feet.  {The  unshaded  parts  of  the  bars  represent 
the  often  sdbstantial  weight  range  resulting  from  the 
variety  of  analytical  models.)  This  decrease  cor¬ 
roborates  for  all  seven  models  an  earlier  result 
for  the  "A”  and  "B”  models  (ref.  11). 

It  is  to  be  expected  that  the  weight  saving  just 
discussed  will  be  sharply  reduced  if  the  horveomb- 
like  material  is  replaced  by  a  material  of  inter¬ 
mediate  efficiency  which  is  just  heavy  enough  to 
bring  the  g-loading  down  to  2000  without  penetration. 
As  seen  in  figute  7,  such  is  indeed  the  case  for  the 
presently  specified  heavy  balsa  material.  An  even 
better  material  or  structure  might  well  have  been 


In  summary,  the  Important  influence  of  payload 
penetration  on  crushable  casing  weight  and  overall 
design,  recently  demonstrated  for  two  analytical 
models,  has  been  corroborated  for  several  additional 
models  utilizing  different  combinations  of  assumptions. 
This  corroboration  is  based  on  three  groups  of  design 
examples:  one  group  involving  a  100  pound  payload 
and  a  specified  honeycomb-like  class  of  material,  a 
second  group  involving  a  450  pound  payload  and  a  much 
more  efficient  light  balsa  class,  and  a  third  group 
involving  the  ICO  pound  payload  and  three  classes  of 
material.  In  both  groups  of  examples  with  the  100 
pound  payload,  the  payload  should  not  be  bonded  to 
prevent  penetration  because  penetration  decreases 
foe  crushable  casing  weight. 
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DAMPING 

EFFECT  OF  FREE  LAYER  DAMPING 
ON  RESPONSE  OF  STIFFENED  PLATE  STRUCTURES 


David  I.  G.  Jones* 

Air  Force  Materials  Laboratory 
Wright-Patterson  AFB,  Ohio  45433 


Simple  formulae  are  derived  using  the  normal-mode  method,  repre¬ 
senting  the  effect  of  uniform  free  layer  treatments  on  the  modal 
damping  and  stiffness  and  the  stress  levels  under  uniform  random 
loading  of  stiffened  skin-stringer  type  structures.  The  damping 
and  stiffness  formulae  are  simple  generalizations  of  the  well 
known  Oberst  equations  for  uniformly  covered  unstiffened  structure 
and  are  subject  to  similar  limitations  and  restrictions.  The 
formulae  for  random  rms  stress  levels  give  a  simple  accounting  for 
multi-modal  response  and  give  the  maximum  nominal  stress  in  the 
skin  regardless  of  where  this  maximum  occurs,  but  do  assume  that 
the  design  is  adequate,  so  that  the  stress  levels  in  the  stiffen- 
|  ers  do  not  exceed  this  level.  Experimental  verification  is  off- 
|  ered  in  some  instances. 


INTRODUCTION 

Stiffened  skin-stringer  structures 
aie  still  used  in  many  areas  of  modern 
aerospace  vehicles  wherein  they  are  ex¬ 
pected  to  withstand  jet  engine  and 
boundary  layer  noise  excitation  on 
fuselage  and  control  surface  areas  and 
to  have  reasonably  low  acoustic  trans- 
missibility  and  propagation  character¬ 
istics  in  embedded-engine  duct  regions. 
To  achieve  these  desirable  character¬ 
istics,  careful  attention  must  be  paid 
to  design  details  such  as  stringer  and 
frame  spacing,  skin  thickness,  curva¬ 
ture  effects,  stringer  geometry,  ratio 
of  stringer  to  frame  spacing,  noise  ab¬ 
sorbing  materials  etc.  However,  the 
damping  of  the  structure  is  also  a 
characteristic  which  often  has  an  im¬ 
portant  bearing  on  response  aitplitudes, 
stress  levels,  noise  txansmissibility, 
and  sound  propagation  along  ducts.  For 
some  structures  of  the  skin-stringer 
category,  for  which  the  georaetry  js  such 
that  the  modes  of  vibration  occur  in 
distinct  and  well  separated  groups  in 
the  frequency  domain,  tuned  dumping  de¬ 
vices  might  conceivably  be  used  for  the 
purpose  of  introducing  useful  amoim** 
of  damping;  although  no  successful 
practical  applications  are  known. 

For  most  skin-stringer  structures, 


however,  the  geometry  is  such  that  the 
nodes  do  not  fall  into  distinct  groups 
and  may  occupy  a  very  wide  frequency 
band,  so  that  tuned  dampers  would  be 
ineffective,  in  such  cases,  layered 
damping  treatments  would  be  more  suit¬ 
able.  These  include  che  free  layer 
treatment,  the  constrained  layer  treat¬ 
ment,  the  sandwich  skin  and  the  many 
variations  of  these.  However,  analysis 
of  complex  skin-stringer  structure  with 
such  treatments  applied  is  usually 
difficult. 

An  examination  of  the  literature 
pertinent  to  the  effect  of  free  layer 
treatments  on  structural  response  re¬ 
veals  a  number  of  important  milestones, 
sucL  as  Oberst  *  s  celebrated  equations 
[1]  for  the  effect  of  uniform  free 
layer  treatments  on  stiffened  (or  rig¬ 
idly  stiffened)  structures.  Mead's  in¬ 
vestigations  [2]  of  the  effects  of  ran¬ 
dom  loading  and  partial  coverage  and, 
more  recently,  the  possibility  of  ap¬ 
plying  transfer  matrix  techniques  to 
the  exuct  solution  of  response  problems 
of  multiple  bay  stiffened  structures 
with  additive  damping  [3}.  Most  of 
these  analyses  have  been  rather  compli¬ 
cated,  however,  and  no  simple  formulae 
for  stiffened  plates  with  uniform  cov¬ 
erage,  comparable  with  those  of  Oberst 
for  unstiffened  plates,  have  appeared 
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in  the  literature. 

It  is  the  purpose  of  this  paper  to 
derive,  by  means  of  the  normal  mode 
n.  hod,  simple  formulae  representing 
the  effect  of  uniform  free  layer  treat¬ 
ments  on  the  response  and  damping  of 
skin-stringer  structures  and  to  verify 
experimentally  the  accuracy  of  the  re¬ 
sults.  The  formulae  are  simple  general¬ 
isations  of  those  of  Oberst  for  un¬ 
stiffened  structures  and  are  suoject  to 
similar  limitations  and  restrictions  as 
to  conditions  of  applicability .  The 
analysis  may  also  possibly  be  extended 
to  take  account  of  the  effect  of  multi¬ 
ple  layer  constrained  damping  treat¬ 
ments  on  response  and  deunping,  by  mak¬ 
ing  use  of  the  fact  that,  within  limits, 
such  treatments  can  be  treated  as 
equivalent  free  layer  treatments  [4] . 


RESPONSE  TO  HARMONIC  EXCITATION 


vi»co«l Attic  l«y«r 


Analysis 


a.  Damping  of  Unstiffoned  Plates 

The  equations  describing  the  effect 
of  a  stiff  free-layer  treatment,  as 
illustrated  in  Figure  1,  completely 
covering  an  unst.lffened  (or  rigidly 
stiffened)  plate,  on  the  damping  and 
resonant  frequency  ere  well  established, 
as  for  example  by  Oberst  (11.  These 
equations  sure: 


ns  _  en  3+6n--  <n2+2en3+e2n4  I  ,j» 

r)D  1+en  [_l+2en(2+3n+2n2)  +e2n*_> 


T‘tZ 


Mutrti  ui« 


aui  pUt« 


Figure  I.  Free  layer  treatment  on 
unstiffened  plate 

and  D  is  the  flexural  rigidity  of  the 
plate,  and  D_  that  of  the  free  layer, 
allowing  foruthe  movement  s  •*  the  neutral 
axis.  The  distance  mh  of  tne  neutral 
axis  from  the  v  enter  plane  of  the  metal 
plate  may  be  determined  by  recognizing 
that  the  net  thrust  in  the  x  end  y 
directions  must  be  zero  in  the  absence 
of  in-plane  forces  i.e.  Jo  d*»/o  dz»0. 
From  the  standard  theory  of  bending 
of  plates,  it  ie  therefore  readily  aeen 
that  16] : 

m  -  (l-n2e)/2(l+ne)  (5) 

The  flexural  rigidities  D  and  DD  are, 
therefore : 

D=  [E/(l-v2)]z2dz  «  Eh3A/24 (l-v2> 
-(l-n)h  (fi) 

(m+n)h  ,  , 

D0  -  J  tEpd+in^/U-v2)]  zzdz  - 


1  °DhD  V 

l+~F! r  r? 


l+2cn(2+3n+2n2)+e2n4 
1+en  ' 


where  r,  is  the  loss  factor  of  the 
structure,  nD  the  loss  factor  of  the 
damping  material  at  the  resonant  fre¬ 
quency  i  of  the  damped  structure,  f^ 
is  the  undamped  natural  frequency  of 
the  structure  in  the  n,»  mode.  These 
formulae  are  the  basis  of  the  Oberst 
technique  for  measuring  the  damping 
properties  of  stiff  viscoelastic  mater¬ 
ials  (5]. 

An  alternative  derivation  to  that 
of  Oberst  is  more  convenient  for  present 
purposes.  The  Euler-Bemoulli  equation 
for  the  plate-damping  layer  combination 
may  be  written  in  the  form: 

D@v4W-  Uh+Cphjj)  u2*  =  P(x,y)  (3) 


Eph3B (1  +  inD>/24(l  -  v2)  (7) 

if  it  is  assumed  that  In  these 

equations  A  and  B  are  defined  by: 

A  -  {{l-n2e)3+(l+[2n+n2)e)3>U+ne)~3 


B  -  { (2n+l+n2e)3-(l-n2e)3)  (1+ne)'3 


If  n  is  the  effective  loss  factor  of 
the  structure,  it  is  then  readily  seen 
from  an  examination  of  equation  (3) 
that: 


n_*=Im  (D  )  /Re  (D  )  *nn  (1+A/Be)  (10) 

S  9  9  0 

and  the  frequency  ratio  f^/f^  is  given 
by: 


where 


«  D  +  dD 


U+eoVpW(V£nm>2  "  *e(lV/Do  = 

(A  +  BeJ/2  «  1  +  (A-2+Be)/2  (11) 

if  use  is  made  of  the  undamped  and 
damped  plate  equations  for  free  motion: 

D„v4W  -  ohw2  W  =  0 

O  run 

Re(De)74W  -  (oh+sphp)^  W  =  0 

Kg'-  ns  (10)  and  (11)  are  apparently 

sc  t  different  from  those  of  Obeist. 

Ho  it  is  readily  verified  that  the 

two  sets  of  equations  are,  in  fact, 
identica l . 


These  moments,  i:t  cutn,  may  be  repre— 
sented  as  pairs  of  forces  Mv/4x  and 
M^/iy,  a  distance  4x,*y  apart  respec¬ 
tively,  as  in  Figure  3.  The  damping 
material  element  has  therefore  been  re¬ 
placed  by  a  set  of  forces  acting  on  the 
plate  and  the  Equation  of  Motion  may  be 
written: 

DvS-ch^w-Pjjhjj-2!*  I(x1#x2)  X(yl,y2)  = 
p  (x,y)-  (Mx/ox)  (6  (x-Xj)-':  (x-Xj^-Sx)  - 
4 (x-x2)+i (x-x2--x) ]  x(y1,y2)  + 

(My/iy)I-(y-y1)-i(y-y1-:y)  - 

My-y2)+-:  (y-y2*  iy)]  I(xi#x2)  (14) 


b.  Damping  of  Stiffened  Plate  Struc¬ 
ture 

The  analysis  of  the  stiffened  plate 
is  necessarily  somewhat  different  from 
that  of  the  unstiffened  plate  because  of 
the  different  equations  governing  stii "- 
er.er  notion.  A  useful  approximate  anal¬ 
ysis  may  be  developed  by  considering  the 
effect  of  an  elementary  rectangle  AxAy 
of  damping  layer  attached  to  the  surface 
of  the  plate,  as  in  Figure  2.  It  is 
assumed  that  the  element  AxAy  is  small, 
so  that  the  curvature  of  the  deformed 
plate  surface  is  uniform.  It  is  assumed, 
as  in  standard  plate  theory,  that  plane 
sections  remain  plane.  The  unbalanced 
moments  M  and  M  at  the  ends  of  the 
element  oppose  the  motion  of  the  plate 
and  give  rise  to  the  dangling.  These 
moments  are,  from  standard  theory: 

Mx-(De-Do) [ (32W/3x2)+v(32W/3y2) ]  (12) 

V(VDo)  1  oV3y2)+v  (3  Vs*2)  i  (13) 

where  D#  *  D  +  Dp. 


Figure  2.  Element  of  free  layer 
treatment  on  stiffened 
plate 


We  now  expand  W  and  P  as  series  of  norm¬ 
al  modes  of  the  undamped  structure,  i.e. 

«=•£  W,  -----  -  -  - 


nm*nm(x'y)?  whcre 

nm  nm 


the  modes  *  satisfy  the  homogeneous 
dif ferertiai equation 


D  V4  $ 
o  ym 


=  oht* 


(15) 


and  the  orthogonality  property 

Jj  ♦nm(x,y5  *pq  (x*y>dxdy=0  (m,nj<p,q) 

S  jiO  (a=n,p=q)  (16) 


Figure  3.  Forces  and  moments  arising 
from  damping  layer  element 


Using  these  expansions,  factoring  Equa¬ 
tion  (14;  throughout  by  *  ,  integrat¬ 

ing  over  the  surface  area”S,  using  the 
properties  of  the  delta  functions,  tak¬ 
ing  the  limit  as  Ax  and  Ay-0,  and  inte¬ 
grating  over  the  treatment  area  D,  we 
therefore  have: 


J07 


0.  I.  c ,  Jones 


w  (.ih.2  -,h.2),’.'  dxdy 
1*1  W  -c-  Pq  * 


2  .  .  - 

■  ■  ;  K  ■  j  dxdy  = 
D  D  D  nm  nm  nm  pq 


-(VDo».rfi  W«m  :-2 

D  jun  *  s  :• 


nm 


2.  1  ;.2. 
nm 

*y  ] 


nm 


nm 


~T 

*  i 


-^3 | dxdy 


P  i ■  j  dxdy 

pq  s  pq 


(17) 


This  is  a  series  of  coupled  equations 
for  the  various  Wpg  and  cannot  be  solved 
exactly  in  most  cases.  However,  if  the 
treatment  covers  the  structure  surface 
uniformly,  the  coupling  terms  are  usual¬ 
ly  small.  The  criteria  necessary  for 
this  step  to  be  allowable  ~.re: 


!!  <;-  W3x  )  <»  »«/**'>  dxdy 


pq 


//  «»a way2)  °2W3y2>  d*dy 

«  //  {a2*nm/3y2)2 

D 

^D(^2^nm/ay2)u2ipq'/:*5t2,  d*dy 


r.2 

.2 

3  *nm 

*nm 

*y2 

Ultimate  verification  of  the  validity 
of  neglecting  coupling  will  demand  a 
knowledge  of  the  modes  and  their  deriv¬ 
atives  for  each  specific  structure. 

For  the  moment  it  will  be  assumed  that 
this  step  is  allowable,  so  that  to  a 
reasonable  degree  of  approximation: 

wpq{eht'pq'ohu2)  y  *pq  ***  ' 

‘'cV^pq  y  ^y  - 

-(De-°o>Wpq(Ipg^4)+I,pq JJ  *1*****  (18) 


where : 

.  —  tr  / , i  ^,2  ^  /a  1 

’pq~-DJ  ‘ 'v  ’pq""  '  '*" . pq'"  ' 

2v(L/t)2(32*pq/3a2) 02»pq/362)]dxdy 

(19) 


Therefore: 


wpq~ 


!jat 


/D. 


r4  .e*LP-Pfea« 

•pq  4  on 


(VDo)2i 


(20) 


d  e 

o  pq 


where 


“pq“^#pq  dxdy//^w  ***  (21) 

D  S 


and 


8pq*2£pq  IJ  *U  ^*dy/Ipq 


(22) 


Now  (D  -D  )/D  -  A/2-l+Be/2+innBe/2  so 
that ,  if  °  is  the  effective  loss  fac¬ 
tor  in  the  pqth  mode: 


t,d(1+  (A-2+0  )/Be] 


-1 


(23) 


and  the  frequency  ratio  is  given  by: 

tt+PDVpq/oh>  («r/«pq> 4“1+ 

(24) 

Xt  is  seen  that  equations  (23)  and  (24) 
are  more  general  representation:  of  the 
Oberst  equations  and  reduce  to  those 
equations  for  unstiffened  plates,  in 
which  case  6pq  »  2  and  opq  *  1.  Bseen- 
tially ,  apq  U  a  parameter  measuring 
the  inertial  effect  of  the  treatment, 
and  is  -quel  to  unity  for  full  coverage 
of  stiffened  and  unstiffanad  plates,  and 
Spq  is  a  measure  of  the  effect  of  the 
stiffeners.  The  generalized  Oberst 
aquations  are  applicable  under  much  the 
same  conditions  as  the  original  Oberst 
equations,  i.s.  the  structure  must  be 
fully  end  uniformly  covered  with  the 
treatment.  Xf  the  structure  is  cmly 
partially  covered,  neither  the  Oberst 
nor  the  generalised  Oberst  equations* era 
applicable,  and  coupling  must  be  allowed 
for  through  equations  (17)  or  some  other 
-means.  Nevertheless,  the  equations  are 
extremely  useful  since  they  give  simple 
algebraic  expressions  for  the  damping 
and  resonant  frequencies  of  any  uni¬ 
formly  covered  structure  for  which  apq 
end  8  are  known  or  can  be  estimated? 

.  pq 
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The  functions  A  and  B  are  defined 
in  equations  (8)  and  (9)  if  the  treat- 
sent  ia  applied  directly  to  the  skin 
surface  o£  the  structure.  Graphs  of 
useful  combinations  of  these  functions, 
namely  A-2+Ba,  A/Be  and  Be,  versus  e 
and  n  are  illustrated  in  Figures  4  to  6. 
The  other  variables  on  which  the  modal 
damping  depends  are  8pn  and  ap„.  apg 
is  about  unity  for  uniform  coverage, 
but  8pg  can  vary  widely.  For  example, 
Spq  =2  for  a  very  lightly  stiffened 
structure,  or  a  very  heavily  stiffened 
structure  in  which  the  stiffeners  dc  not 
move  to  all  intents  and  purposes.  For 
typical  skin  stringer  structure  £p~  can 
vary  from  3  to  10  or  more.  For  inte¬ 
grally  stiffened  structures,  illustrated 
in  Figure  7,  8pg  can  vary  from  10  to  30 
or  more,  so  that  very  little  damping 
can  be  achieved  unless,  as  is  possible 
in  sene  cases,  the  treatment  is  applied 
across  the  tops  of  the  stiffeners,  as 
suggested  by  Cicci  and  Clarkson  [7] . 

In  this  case,  the  Bpq  remain  the  same, 
but  the  functions  A  and  B  are  changed 
to  take  account  of  the  new  neutral  axis 
location,  leading  to  greatly  increased 
damping.  Further  damping  may  also 
accrue  if  the  strips  of  viscoelastic  ma¬ 
terial  resonate  and  act  as  tuned  damping 
devices  [7].  However,  this  latter 
source  of  dating  is  of  very  uncertain 
value  in  view  of  the  variation  of  the 
properties  of  meat  viscoelastic  mater¬ 
ials  with  temperature,  leading  to  highly 
variable  resonant  frequencies  for  the 
strips  of  damping  materiel.  If,  in  the 
system  illustrated  in  Figure  7c,  the 
stiffeners  are  assumed  to  rotate  without 
bending  as  the  plate  deforms,  the  free 
layer  treatment  may  be  treated  as  if 
msrely  separated  by  a  distance  H  »  Mh 
from  the  skin  surface  and  the  distance 
mh  of  the  new  neutral  axis,  obtained  as 
before,  becomes: 


A-2+Be  -3.4,  whence  B  *  22,  A  -  2.2, 
and  r,  ’  =  0.031.  On  the  other  Aand, 
when  M  =.10,  A  =  26.2  and  B  =  2350, 
where  n  =  0.42."  This  represents  an 
increase  in  n  by  a  factor  of  over  ten. 
Even  greater  relative  gains  can  be 
achieved  if  8  is  greater  than  the  val¬ 
ue  assumed  iii  the  above  example,  as  may 
readil-  be  verified. 


-*i  -u  >.•  .» 


Figure  4.  Graphs  of  A-2+Be 
versus  e  and  n 


1  -  ne(2M  +n) 
♦  nS 


(25) 


and,  upon  determining  D  and  0_  as  in 
equations  (6)  and  (7),  it  turns  out 
that: 

A  -  tt=SSiaiSi <*?”*"*  )3  (26) 


(2n»l+2H*n2e}3-{l+2M-n2a: 3 
(1+ne) 3 


all  of  which  expressions  roduce  to  equa¬ 
tions  (5),  (6)  and  (7)  respectively  for 
M  -  0.  For  large  values  of  M,  of  the 
order  of  10  or  more  as  is  quite  typical, 
the  values  of  A  and  B  are  fer  greater 
than  for  M  *  0.  As  u  example,  let 
a  ■  1,  nD  ■  0.5,  e  ■  0.1,  and  8  ■  20. 

Then  for  H  «  0,  Be  ■  2.2,  and 


Experimental  Investigations 


a.  Tests  on  Cantilever  Beams 


In  order  to  verify  the  analysis,  it 
was  first  necessary  to  measure  the  prop¬ 
erties  of  the  material  to  be  used  for 
the  free  layer  treatment.  The  material 
selected  was  LD-4Q0,  attached  to  the 
structure  surface  by  means  of  a  very 
thin  layer  of  self  adhesive  tape  (Scotch 
brand  #410,  3M  Co.).  The  cantilever 
beam  tests  were  carried  out  on  an  alumi¬ 
num  beam  0.05  inches  thick  and  7  inches 
long.  The  free  layer  thickness  was 
equal  to  the  beam  thickness  in  each 
case.  The  beams  were  clamped  at  the 
root  in  the  fixture  of  the  Bruel  and 
Kjaar  complex  modulus  apparatus  as 
shown  in  Figure  8,  in  the  customary  man¬ 
ner  (5).  The  response  characteristics 
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b.  Teats  on  a  One-Sran  Stiffened  Plate 


Figure  9.  Graphs  of  ng  and 

(l+Pjjhj/ph)  (W2 

versus  terspsrature 


Figure  10.  Complex  Modulus  data 


In  order  to  verify  the  analysis  for 
stiffened  structures,  a  one-span  struc¬ 
ture  was  built  in  such  a  way  as  to  re¬ 
tain  as  great  a  degree  of  simplicity  as 
possible.  The  geometry  of  the  structure 
is  shown  in  Figure  11.  The  skin  was 
attached  to  the  frames  by  means  of  bolts 
and  the  frames  in  turn  were  attached  to 
a  shaker  table  through  two  pairs  of 
three-quarter  inch  deep  blocks 


Figure  11.  Geometry  of  one-span 
stiffened  structure 

The  first  tests  were  carried  out  to 
determine  mode  shapes,  resonant  frequen¬ 
cies  and  initial  damping,  \isina  a  sub¬ 
miniature  accelerometer  to  measure  re¬ 
sponse.  The  first  two  modes  are  illus¬ 
trated  in  Figures  12  and  13,  and  were 
obtained  by  moving  the  accelerometer 
over  the  structure  and  measuring  the  re¬ 
sponse  at  constant  input.  It  is  seen 
that  the  longitudinal  modal  functions 
are  very  close  to  sinusoidal  in  shape, 
whereas  those  in  the  transverse  direc¬ 
tion  are  practically  those  of  a  c lamped - 
clasped  beam  with  an  effective  length 
between  clamping  points  of  7.0  inches. 
The  fundamental  mode  of  a  clamped - 
clasped  beam  (8]  is  superimposed .  Fig¬ 
ure  14  shows  the  variation  of  resonant 
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frequencies  with  skin  thickness.  Prom 
these  figures,  estimated  values  of  ^ 
and  £■*  are  plotted  m  Pigure  15.  11 

Using-1 these  values  of  ;  and  5  .,  and 
the  assumed  mode  shapes  11  and  deriva¬ 
tives  [8],  it  was  readily  showr.  that 
8,  j  *  3.2  ar.d  s31  =  2.7  for  hp  =  0.050 
inches  and  a , ,  and  a , j  were  approximate¬ 
ly  unity.  T he  initial  damping  was 
small,  being  of  the  order  0.007. 


Figure  12.  Observed  mode  1,1  shapes 
for  h  »  0.050" 


The  next  tents  were  carried  out 
for  a  0.05  inch  panel  thickness,  with  a 
layer  of  damping  material  [LD-400]  0.04 
inches  thick  attached  to  the  surlac .  by 


means  of  a  very  thin  layer  of  the  self- 
adhesive  tape  as  in  the  beam  tests.  The 
structure  was  than  placed  in  an  environ¬ 
mental  chamber  as  in  Figure  16  and  ex¬ 
cited  by  means  of  a  small  magnetic 
transducer  at  the  center.  The  response 
amplitude  was  picked  up  by  means  of  a 
sub-miniature  accelerometer  at  the  cen¬ 
ter  and  the  damping  r,  measured  in  the 
1,1  and  3,1  modes  by  means  of  the  "half¬ 
power  bandwidth"  method.  Measured  val¬ 
ues  of  n  and  (1+p-hj/ph) ' 2 
plotted  against  temperature  inrigur es 
17  and  18.  Analytical  results  based  on 
8n  *  3.2  and  8  jj  «  2.7  in  equations 
(23)  and  (24) ,  are  superimposed  and 
agree  well  with  the  measured  results. 


The  good  agreement  betweon  theory 
end  experiment  indicates  that  the  modal 
coupling  is  indeed  low  for  nearly  full 
coverage  and  that  the  estimates  of  B , x 
and  S3 2  are  reasonably  accurate.  In  the 


Figure  13.  Observed  mode  3,1  shapes 
for  h  *  0.050" 


0  .04  .08 


l>  ins. 

Figure  14.  Frequencies  of 
stiffened  plate 


case  of  more  general  structures,  the 
estimation  of  B™  is  a  very  difficult 


tives  are  rarely  known  to  the  requisite 
degree  cf  accuracy.  In  that  event,  one 
nay  often  invert  the  procedure  and  esti¬ 
mate  Spq  by  applying  a  known  treatment 


112 


f 


figure  19.  Overall  geometry  of 
three-span  structure 


Figure  20. 

Details  of  stiffener 
geometry 
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Figure  21. 

Photograph  of  three- 
span  structure 

was  readily  established  that  the  first 
'stringer  torsion"  mode  and  the  first 
"stringer  bending"  mode  could  readily 
be  excited.  The  intermediate  mode, 
being  unsymmetrical  about  the  center  of 
the  plate,  was  not  excited.  Higher 


modes  could  also  be  excited  but  only 
with  groat  difficulty  of  very 

close  spacing  of  the  modes  in  the  fre¬ 
quency  domain.  Typical  response  spec¬ 
tra  in  the  three  bays,  as  measured  by 
miniature  accelerometers,  are  illus¬ 
trated  in  Figure  23.  The  significant 
resonant  frequencies  ware  observed  to 
change  very  slightly  over  the  tempera¬ 
ture  range  0*F  to  125*F. 


Figure  22.  Three-span  structure 

in  environmental  chamber 


Figure  23.  Response  Spectre 
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Tha  next  teats  were  carried  out 
with  a  single  layer  of  LD-400,  attached 
ky  man;  nf  th*  ^publa-baek  tape  as  be¬ 
fore  on  the  center  bay  only,  'coupling 
between  nodes  was  quite  strong,  appar¬ 
ently,  because  the  observed  values  of 
n  for  the  two  first  band  nodes  behaved 
as  shewn  in  Figure  24  with  temperature. 
This  variation  bore  little  resenblance 
to  th*c  anticipated  if  no  coupling  were 
present. 


Figure  24.  Graphs  of  n  versus 
temperature8 

When  LD-400  sheets  were  attached 
to  all  three  bays  and  the  tests  re¬ 
peated,  the  variation  of  n_  with  temper¬ 
ature  was  as  shown  in  Figure  25.  The 
data  is  plotted  for  both  modes  and  for 
all  three  bays.  If  Bpq  is  taken  to  be 
equal  to  8  and  if  the  same  LD-400  prop¬ 
erties  are  used,  the  analysis  predicts 
the  results  shown  in  Figure  25.  The 
consistency  of  the  agreement  is  quite 
satisfactory  and  indicates  that  a  single 
parameter  Bpq  for  both  modes,  equal  to 
8.0, is  sufficient  to  account  for  the 
observed  damping  and  resonant  frequen¬ 
cies. 


RESPONSE  TO  UNIFORM  RANDOM  LOADING 


Response  of  Skin-Stringer  Structure 

So  far,  we  have  calculated  the  loss 
factor  and  frequency  of  a  damped  stiff¬ 
ened  structure.  These  quantities  in 
turn  affect  the  behavior  of  the  struc¬ 
ture  under  random  excitation,  as  by  a 
jet  engine,  and  the  effect  of  the  damp¬ 
ing  treatment  on  rms  stresses  is  of 
considerable  importance.  The  problem  of 
predicting  the  stress  response  levels  in 


•  M'F  100*F 


Figure  25.  Graphs  of  n  and  0 

(l+p  Vph)  ( w 

versus  temperature1 

skin-st linger  structure  under  acoustic 
excitation  has  been  examined  by  many  in¬ 
vestigators  in  recent  years,  the  work  of 
Ballantine  et  al  [91,  Clarkson  [10],  and 
Wang  [11]  being  indicative  of  the  cur¬ 
rent  state  of  the  art.  These  investiga¬ 
tions  have  shown  the  role  of  detail  de¬ 
sign  and  structure  geometry  and  have  led 
in  some  cases  to  design  charts,  based  on 
testing  of  specific  types  of  structure. 
Limitations  have  included  the  need  to 
assume  only  one  significant  mode  of  vi¬ 
bration,  a  certain  lack  of  conservatism 
in  the  agreement  between  the  analyses 
and  the  available  experimental  data  and 
lack  of  information  concerning  the  mag¬ 
nitude  of  the  damping. 

It  is  assumed  in  the  present  analy¬ 
sis  that  the  random  pressure  loading  on 
the  skin-stringer  structure  is  uniform 
over  the  entire  surface,  that  the  power 
spectral  density  of  the  excitation  is 
uniform  over  the  frequency  range  o:  sig¬ 
nificant  response  and  the  damping  ;aater- 
ial  is  applied  uniforr ‘  so  that  modal 
coupling  can  be  negl<  >. 


Consider  first  any  flat  skin- 
stringer  structural  element  under  uni¬ 
form  harmonic  loading  P  exp(iut)  as  in 
Figure  21.  Then  from  equation  (20),  the 
response  at  any  point  (x,y)  is: 


Eft 

l4P 


W(x,y> 


n 


Tpq^pq  (x>Y)  exp(iM’t) 


(28) 


+(A-2+Be+inDBe)C£2 

6P9 
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where 


-  4  SM  dXdy/|  *pq  dXdy 


The  stress  response  in  the  x -direction, 
parallel  to  the  frames  for  the  skin- 
stringer  structure,  is  given  by: 

3x*E(l-n>ht  (d2W/dx2)+-,(d2W/dy2);  (30) 

«*nd,  if  the  f raises  are  very  such  stiff er 
than  the  stringers,  :  (x,y>  can  usually 

be  written  in  the  separable  fora 
*p<*)*q(y)  where  ig(y)  Sintqsy/:). 

Therefore,  upon  simplification: 


3  m  fl>ne(2+n)~l 

x  2n_t.^  I+He  | 


where  d£2  »  dw(ohb4/Dfi)l/2.  The  Inte¬ 
gral  in  equation  (33)  can  be  evaluated 
numerically  if  the  maximal  values  of  p 
q  are  not  tco  great  within  the  range 
of  significant  response  and  if  Tpq*  *P, 
♦q  5pq  are  known.  Por  the  present, 
however,  we  shall  utilize  Kercer's  ob¬ 
servation  (12)  that  the  errors  involved 
in  neglecting  cross  terms  in  the  expan¬ 
sion  of  the  double  series  in  equation 
(33)  is  small,  so  that  to  a  reasonable 
degree  of  approximation: 


2Dq (1+ne) 


2°0L  i- 


{EhL2  (l+2ne+ea2) 


Xpqa+W»Vph) 


II  Wj;  * 


where  *£  -  L2d2*  /dx2, 
or  ng  for  the  p,e  mode  ancP 


is  the  value 


x4  « 

pq 


Cfl  +  (A-2+Be)/6  1 


1  +  “pq°DhD/oh 


If  we  now  replace  the  harmonic  excita¬ 
tion  P  by  a  random  loading  of  spectral 
density  Gp(u),  the  mean  square  stress 
response  oj  is  given  by: 


2Dq (l»ne) 
EhL2 (l+2ne+an‘ 


-.2  *“7  . 

J  9x pM/ 

3  G*M  n0 


j  »„ 

IT  3nmI^(^2«2l-2/t>»n]  »md^ 

«®  r,-^  ITT  in  a-24-b47* 

l^t  smjL^ri  n* 


0  (1-e  /x*  )  +  rx 

pq  «pq 


The  integral  in  equation  (34)  has  been 
evaluated  by  Head  (13) : 


6  (1-9*)^ 


P2(n) 


■  x  j i*  /rnr2 

2  1+t,2 


so  that,  finally: 
2D0(l+na) 

PhL* (l+2ne^en2) 


>hL’  T  T 

Do  °x 


Gp8F  U«pq)  (1+WDVph) 


Hd+CA-i+flel/Bpg]- 


where 

rv  'W^^'^Wjg2  . 

8-II  - H-a - E— * - E_  (37) 

W  5pq 

if  we  assume  that  o Bpq  and  n  M  are 
approximately  independent  of  sode*nusber, 
as  is  often  the  case  for  uniform  cov¬ 
erage  of  damping  treatment. 

The  advantage  of  equation  (36)  is 
that  it  does  allow,  in  some  degree,  for 
multi-modal  response  and  the  damping  and 
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stiffening  effects  of  the  treatment  in 
a  simple  equation.  Furthermore,  it 
most  fortunately  turns  out  that  the 
maximum  value  of  £(x,y)  does  not  vary 
greatly  from  structure  to  structure 
even  though  the  point  at  which  this  max¬ 
imum  occurs  may  vary  widely.  The  value 
of  8ji__  auiy  be  determined  readily  in 
specific  idealised  cases  from  a  know¬ 
ledge  of  the  modes,  their  derivatives 
and  the  eigenvalues.  For  example,  it 
can  be  shewn  tnat  (i)  »  0.5 2  for  a 

pinned- pinned  plate  au  tae  center  in  the 
fundamental  mode  (ii)  «  «*  0.45  for 

the  first  mode  of  a  c  1- Jped-c lamped- 
pinned-pinned  plate  at  the  clasped  edges 
(iii)  8m„  »  0.52  at  the  two  center  sup¬ 
port  locafitmr  for  a  five  span  pinned 
plate  f  14]  vibrating  in  the  first  bend 
of  mo>  as  only  (iv)  -  0.57  for  the 

two  center  support  locations  of  s  nine- 
span  pinned  plate  vibrating  in  the 
first  band  of  modes  only  and  (v)  a__  » 
0.55  for  a  typical  skin-stringer  struc¬ 
ture  [15].  Zt  My  therefore  be  taken 
that  i  =  0.51.  Mow  v  =  1/3  and 
F  (r,  )  *  JT/in  for  SMll  n  ,  so  that 
equation  (36)  "becomes,  for  a  typical 
stiffened  plate  structure: 


“7 

max 


-  0.75G  .  (L/Hf  E1/4  h_3/2 
* 

*  p_1/4  n,'1/2  f(n,e)  (38) 


where 


f(n,e) 


X 


A-2+Ba) 

J 


(39) 


If  n  *  0,  f (0,e)  «  1  and  we  recover  the 
ns  stress  levels  for  e  nominally  un¬ 
damped  structure.  Zn  order  to  ensure 
that  the  structure  can  withstand  a  given 
spectral  density  Gp  without  exceeding 
e  specified  xm  stress,  therefore,  one 
My  vary  the  geaMtrical  parameters  L/N 
and  h,  the  physical  parameters  E  and  c 
and  the  damping  treatment  parameters , 
n_  end  f(n,e).  Clearly,  L/M  and  h  are 
the  most  influential  variables  and 
should  be  choeen  properly  at  the  design 
stage.  Once  fixed,  however,  changes 
are  difficult  and  expensive  to  make  and 
the  only  other  paraMters  capable  of 
being  varied  without  Mjor  structural 
alterations  are  the  damping  parameters. 
The  quantity  n  -1/2  f (n,e)  is  therefore 
a  direct  Mature  of  the  effectiveness 


of  e  given  dumping  treatment  in  reducing 
the  ms  stress  Isvsla  in  a  given  struc¬ 
ture. 


Zn  order  to  illustrate  the  appli¬ 
cation  of  equation  (39) ,  consider  tfca 
structures  tasted  earlier,  for  which 
h  -  0.35  inches  and  £  varies  from  2.0 
to  3,0.  Zf  LD-400  is "applied  uniformly, 
using  the  adhesive  tape  as  before,  in  a 
0 .036  inch  uniform  thickness,  then 
c.pq  »  1.0  and  n  «  0.72.  The  properties 
or  the  LD-400  sample  are  taken  from 
Figure  10.  The  resulting  graphs  of 
~l/2  f(n,e)  are  plotted  versus  temp¬ 
erature  in  Figure  26.  Zt  is  seen  that 
tor  ipo  »  8,  f-s-1/2  f  (n,e))^^  is  eqval 
to  abbot  4.2  whereas  for  a  nominally  un¬ 
damped  structure,  for  which  f(n,e)  *  1 
having  «  «  0.005,  n*1'!  f (n,e)  =  14.1. 

This  amounts  to  a  significant  reduction 
in  random  stress  level.  The  tMperature 
range  of  useful  stress  level  reduction 
can  be  observed  in  Figure  26  also. 


Figure  26.  Graphs  of  rT1^2  f(n,e) 
versus  tsmplrature 

Experimental  Investigations 

No  directly  applicable  date  relat¬ 
ing  to  measured  ms  stress  levels  in 
structures  damped  by  a  free  layer  appear 
to  be  available.  However,  for  roctinally 
undamped  structures,  a  considerable  body 
of  infoxMtion  has  been  published.  Zn 
order  to  compare  equation  (38)  with  this 
experimental  data,  it  is  advantageous  to 
recall  that  a  and  Gp  are  quanti¬ 

ties  associatea"vith*each  particular 
test  condition,  whereas  E,  h,  L,  N  and  p 
are  associated  with  the  structure  geome¬ 
try  and  Mterials.  Zt  is  therefore  more 
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convenient  to  rearrange  this  equation 
into  the  dimensional  group  £or»s 


0.751L/JOE 


l/4h-J/2c-i/'« 


(40) 


Two  separate  major  sources  of  test  data 
are  cited,  one  associated  with  an  Air 
Force  Flight  Dynamics  laboratory  con¬ 
tractual  investigation  reported  in  ref¬ 
erence  (9)  and  the  other  with  an  Air 
Force  Materials  Laboratory  sponsored 
investigation  reported  in  references 
110,16]. 


It  has  been  shown  that  extremely 
simple  algebraic  expressions  can  be  used 
to  estimate  the  response  and  damping 
characteristics  of  stiffened  skin- 
stringer  structures  uniformly  covered 
with  a  free  layer  damping  treatment. 
These  equations  are  simple  generalisa¬ 
tions  of  the  classical  aquations  of 
Oberst  for  uniform  coverage  of  unstiff- 
ened  structures. 
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a  *  0.101  Lb/in3.  Some  of  the  test  re¬ 
sults,  reduced  according  to  equation 
(49),  are  shown  in  Table  1. 


b.  Test  Series  Mo.  H16] 

In  this  test  series,  a  wide  variety 
of  skin-stiffener  structures  were  tested 
under  random  acoCstic  excitation.  Test 
results  for  those  configurations  appli¬ 
cable  to  the  present  analysis,  namely 
equation  (40) .  are  shows  tn  Table  1. 

Figure  27  shorn  the  grant  of 
— ?/Gp  versus  0.75 <L/»)  fiV4  L"3/2 

0-^.  It  is  seen  that  the  analysis 
does  indeed  come  close  to  being  a a  upper 
bound  to  the  observed  stress  levels. 


Figure  27.  Comparison  of  theory  and 

experiment  for  acoustically 
induced  stresses. 
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TABLE  1.  EXPERIMENTAL  STRESS  AMD  EXCITATION  LEVELS 
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Si'niavLs 


n»o  uwti  'u^vtcitOAWikQA  puomctc&a 

D  flexural  rigidity  of  plate  al¬ 

lowing  for  shift  of  neutral 
axis  caused  by  damping  layer; 
also  symbol  representing  area 
covered  by  damping  material 

D0  flexural  rigidity  of  damping 

iayei  allowing  for  shift  of 
neutral  axis 

e  Ep/E  -  modulus  ratio 

E  Young's  modulus  of  structure 

material 

Ep  Young's  modulus  of  free  layer 

material 

f(n,e)  non- limensional  parameter 

f  resonant  frequency  of  damped 

plate 

f  math  resonant,  frequency  of  un¬ 

damped  plate 


v*> 

h 


l{xlfx2) 


Pr9 

K*,y) 


spectral  density 
thickness  of  plate 
thickness  of  free  layer 
.^T 

step  function  (I  «  l,x.£X£X_; 
1^0  otherwise)  A 

integral  -  see  Equation  (19) 

length  of  structure 

breadth  of  structure 

moments 

integers 

Vh 

number  of  spans 
integers 

pressure  loading 

symbol  representing  area  of 
plate 

transverse  displacement  of 
plate 

orthogonal  coordinates  in 
surface  of  plate 


- -  _ _ v  _ _a. 
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nn 

noR~d^nens^°M^  parameters 
t  non-dimensional  parameter 

A  X/L 

4  y/f 

4 (x)  Dirac  Delta  Function  of  argument  x 

?i  loss  factor  of  structure  in  a 

specific  mode 

nD  loss  factor  of  free  layer  material 

v  Poisson’s  ratio,  assumed  same  for 

plate  and  free  layer  materiel 

5  (ph»2Ll,/Dfi)  ‘  **  -  frequency  param¬ 

eter 

rath  eigenvalue  -  Ichw^LVOg)  l^H 

£r  (oh«2L‘*/D0) l/- 

p  density  of  plate  material 

pd  density  cf  free  layer  material 

a  stress  amplitudes  at  surface  of 

structure 

3X5  mean  square  stress 

nmth  normal  mode  of  undamped  plate 

$  (x)  mode  shape  variation  in  x-direc- 
tion  for  separable  mode 

v— (y)  mode  shape  variation  in  y -direc¬ 
tion  for  separable  mode 

x__  non-dimensional  parameter  -  equa- 
“  tion  (32) 

«  frequency 

u1  fundamental  frequency  of  undamped 
beam 

«r  resonant  frequency 

«M  nmth  natural  frequency 
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VIBRATION  CONTROL  3Y  A  MULTIPLE-LAYERED 


DAMPING  TREATMENT" 


A.  D.  Nashif* 
and 

T.  Nicholas** 


The  multiple  constrained  layer  damping  treatment  is  represented 
conceptually  in  terms  of  an  equivalent  free  layer  damping  treat¬ 
ment.  The  analysis  for  this  representation  is  accomplished  by 
considering  the  treatment  to  be  an  anisotropic  beam  with  differ¬ 
ent  stiffnesses  and  damping  in  shear  and  extension.  Optimization 
for  this  treatment  is  shown  to  be  a  function  of  wave  length,  tem¬ 
perature  and  geometry  for  a  given  damping  material.  Experimental 
results  are  presented  to  verify  the  analysis. 


INTRODUCTION 

Reduction  of  excessive  vibrational 
amplitudes  in  structures  is  frequently 
obtained  through  the  application  of 
single  or  multiple- layered  damping 
treatments.  Recent  applications  of 
multiple  constrained  damping  layers  in 
aerospace  structures  (1]  have  indicated 
that  such  treatments  can  be  very  effec¬ 
tive  in  controlling  vibrations.  The 
optimization  and  practical  development 
of  such  a  treatment  has  been  hampered, 
however,  by  a  lack  of  adequate  analysis 
techniques  and  by  a  scarcity  of  good 
experimental  data  and  has  been  confined 
for  the  most  to  specialized  cases  and 
geometries.  It  would  be  desirable  to 
be  able  to  reprewsnt  such  a  treatment 
in  terms  of  an  equivalent  free  layer 
bjmogeneous  treatment  (2,3).  However, 
nich  a  representation  could  result  in 
an  oversimplification  because  of  the 
complex  behavior  of  such  a  material 
configuration.  In  the  present  investi¬ 
gation,  the  multiple-layered  damping 
treatment  is  treated  as  an  equivalent 
homogeneous  but  anisotropic  material. 

The  properties  of  the  equivalent  treat¬ 
ment  are  derived  maintaining  compati¬ 
bility  of  resultant  forces  in  shear  an', 
extension  and  approximating  the  dis¬ 
placement  field  across  each  layer  by  a 
linear  distribution  across  the  thick¬ 
ness.  The  treatment  is  then  considered 
to  be  an  anisotropic  beam  with  differ¬ 
ent  stiffnesses  and  damping  in  shear 

and  extension  and  is  analyzed  using  a _ 

•University  of  Dayton  Research  Institute, 


theory  of  higher  order  than  Timoshenko 
bean  theory  (4).  In  the  present  analy¬ 
sis,  a  displacement  field  is  considered 
which  allows  for  up  to  quadratic  terms 
in  the  thickness  direction,  which  is  an 
extension  of  previous  work  where  only 
linear  variations  were  considered  t  j] . 
The  equations  of  motion  of  the  result¬ 
ing  two  layered  beam  are  solved  for 
waves  travelling  in  the  direction  of 
the  axis  of  the  beam  and  the  damping  of 
the  composite  beam  is  determined  as  a 
function  of  wave  length  or  frequency. 
The  analysis  is  used  to  predict  the  re¬ 
sults  of  damping  measurements  from  num¬ 
erous  experiments  on  cantilever  beams 
vibrated  in  their  first,  second,  and 
third  modes.  Analytical  predictions 
are  made  for  a  wide  variety  of  combina¬ 
tion*  of  moduli,  thicknesses,  and  damp¬ 
ing  properties.  From  the  analytical 
and  experimental  results  it  is  shown 
that  (a)  the  multiple  constrained  layer 
damping  treatment  can  indeed  be  thought 
of  in  terms  of  an  equivalent  free  layer 
damping  treatment  and  (b>  that  the 
damping  properties  of  such  an  equiva¬ 
lent  homogeneous  treatment,  which  de¬ 
pend  on  wave  length,  temperature,  geom¬ 
etry,  etc.  can  be  optimized. 


ANALYSIS 

The  damping  treatment  consists  of 
a  number  of  alternate  elastic  and  vis¬ 
coelastic  layers  sandwiched  to  the  osse 
beam.  If  the  number  of  layers  r»  large, 
Dayton,  Ohio 
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it  nay  be  treated  as  an  equivalent 
homogen  20.1s  but  anisotropic  material. 
Consider  a  typicu.'  element  consisting 
of  a  segment  of  one  viscoelastic  layer 
and  two  halves  of  the  adjacent  elastic 
layers  as  depicted  by  the  dashed  lines 
in  Figure  1. 


shown  on  the  right  in  Figure  i  with  ro¬ 
tation  and  identical  displacement 
component*  u  and  u. .  as  in  the  layered 
media,  the  sne^r  fofce  is 

°l  "  Vh10  +  hll>«l  "  ll> 


and  the  continuity  of  displacements  re¬ 
quires 


Figure  1.  Geometry  of  layered 

treat -ent  and  equivalent 
homogeneous  material 

If  each  layer  is  assumed  to  be  very 
thin  in  comparison  with  the  overall 
thickness  it  may  then  be  aroused  that 
the  displacement  field  across  each 
layer  is  linear  as  shown.  The  rotation 
of  an  originally  plane  section  of  the 
viscoelastic  layer  is  denoted  by  j,. 
while  that  of  the  elastic  layers  isde- 
noted  by  i, , .  The  thicknesses  of  the 
viscoelastic  and  elastic  layers  are 
denoted  by  h,0  and  h. .  respectively 
while  the  cransversex£hear  forces  are 
denoted  by  Q,0  and  V,, .  The  centerline 
axial  displacements  Or  two  consecutive 
elastic  layers  are  denoted  by  u.  and  u, . 
The  transverse  shear  forces  aregiven 
by 


G10*’110 


i  ■  -  iHi 

'TO  3xj 


u2  -  uA 


*10  +  hll)  *1 


Here,  G,  is  an  equivalent  ahear 
modulus.  Equating  the  real  and  imagi¬ 
nary  parts  of  the  total  shear  force  in 
the  layered  •  x  iia  and  the  equivalent 
nomogenecur  a  serial  results  in 


c10d  ♦  v) 


”•0  =  *10  TIT  V) 


where 


and  where  > , .  is  the  loss  factor  of  the 
viscoelastic0 layer  in  shear.  The  com¬ 
plex  shear  modulus  of  the  equivalent 
materiel  is  given  as 

G1  *  Gi  114  inG}  l6: 

In  a  similar  manner,  the  axial 
force  jn  the  layered  media  is  equated 
to  the  axial  force  in  the  equivalent 
material,  leading  to  expressions  for  an 
equivalent  extensional  stiffness  in  the 
fora 


where  w  is  the  transverse  displacement 
component  and  G..  the  shear  modulus  of 
the  viscoelasticulayer.  Equation  (lb) 
is  based  on  the  assumption  that  the 
shear  stresses  are  uniform  across  the 
thickness  of  each  layer.  Assuming  that 
shear  deformation  may  be  neglected  in 
the  elastic  layers,  then  i.,  =  iw/sx, 
and  the  expressions  for  theAtotal 
shear  force  in  the  typical  element  and 
the  displacements  are 


°tot  ~  G10(;X0  "  3x) (h10+hll) 


U1  =  hll  .x  +  ;10  h10 


_  „  fcllhTl  *  E10h10 

1  hn  v  hio 


*  E10h13  n 

2  ’’JO  Bixhu  ♦  E10h10 

where  the  complex  Young’s  modulus  of 
the  equivalent  material  is 


B1  t  Ex  <1  +  inE)  <8) 

and  E.,  and  E.fl  represent  the  Young’s 
moduli  of  thexelastic  and  viscoelastic 
layers  respectively  and  is  the  loss 
factor  of  the  viscoelastic°layer , 
assumed  to  be  the  same  in  extension  as 
in  shear.  Equations  (5)  to  (8)  esnsti- 


Xf  the  typical  element  i.s  thought  of  as 
an  equivalent  homogeneous  material  as 
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lute  expressions  for  an  equivalent  homo¬ 
geneous  material  which  will  have  the 
same  overall  displacement  field  and 

- — -.1  aU#.  a.._ :  __  1 

•••visa  «••«*  «twa awa  avavua  M«V  V  JT ^SV«4 

element  of  the  layered  media. 

Consider  the  layered  damping  treat¬ 
ment  now  as  a  homogeneous,  anisotropic 
beam  having  the  properties  giver,  by 
Equations  (5)  to  (8)  sandwiched  to  an 
elastic  beam  as  shown  in  Figure  2  with 
:  and  o  the  interface  3hear  and  normal 
forces,  u,  and  uQ  the  centerline  axial 
displacement  components,  h.  and  h.  the 
thicknesses  of  the  two  beams  and  w  the 
transverse  displacement  component.  The 
bending  moments,  shear,  and  axial 
forces  or  the  two  beams  are  as  shown  in 
Figure  2. 


!!« 

+  a  - 

2 

•  n  ’  W 

(10c) 

_  -  ,t- 

where 

N0 

*  £oho 

o| 

a  x 

«■*>  p 

(11a) 

M0 

=  E0I0 

A 

-,x2 

(Ub) 

Here,  only  the  transverse  inertia 
of  the  two  beams  is  considered,  the 
rotatory  and  extensional  inertia  being 
neglected,  and  s  represents  the  mass 
density  and  1  the  moment  of  inertia 
about  the  beam's  centerline.  A  pre¬ 
liminary  analysis  was  carried  out  con¬ 
sidering  the  top  bean  (the  damping 
treatment}  as  an  anisotropic  Timoshenko 
beam,  i.e.,  a  beam  where  plane  sections 
remain  plane  but  shear  deformation  is 
allowed.  The  analysis  did  not  agree 
too  well  with  the  experimental  results 
and  it  was  therefore  decided  to  include 
non-linear  deformation  terms  for  the 
damping  treatnent  in  order  to  reduce 
the  constraints  on  the  system.  The 
axial  displacement  field  of  the  top 
beam  was  thus  taken  to  include  terms  up 
to  quadratic  order  in  the  form 


u 


u 


1 


i*  + 
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Figure  2.  nomenclature  for 
sandwich  beam 

Conservation  of  linear  and  angular  mo¬ 
mentum  of  the  tio  beams  and  analyzing 
the  lower  or  base  beam  in  accordance 
with  simple  beam,  or  Bernoulli-Euler 
beam,  theory  leads  to  the  equations  of 
motion: 


The  resultant  axial  force,  bending 
moment,  and  transverse  shear  force  are 
then 
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Continuity  of  displacements  at  the 
interface  of  the  two  beams  is  assured 
by  taking 


u0  + 


h0  5w 

T  TZ 


(14) 


where  the  lower  or  base  beam  is  treated 
according  to  elementary  beam  theory 
where  plane  sections  remain  plane  and 
perpendi<  ular  to  the  deformed  center¬ 
line.  The  number  of  unknowns  now  ex¬ 
ceeds  the  number  of  equations  by  one. 

An  additional  condition  is  obtained  by 
prescribing  the  interface  shear  stress 
in  terms  of  the  displacement  components 
from  tile  stress-strain  and  strain-dis¬ 
placement  equations  of  elasticity  in 
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tfie  form 


It  is  to  be-  noted  that  t!.-.  shear  stress 
is  not  necessarily  :‘ero  a*  the  top  face 
o‘  *he  upper  beam.  This  is  a  condition 
si.  .lar  to  that  obtained  in  Timoshenko 
beam  theory  where  shear  stresses  are 
assumed  uniform  across  the  thickness. 

The  actual  nonuni fortuity  can  be  partial¬ 
ly  taken  into  account,  through  the  intro¬ 
duction  of  a  shear  correction  factor  in 
equation  (13c);  however,  no  attempt  to 
do  so  was  made  in  the  present  analysis. 
Successive  elimination  of  variables 
from  equations  O)  through  (15)  results 
in  a  set  of  three  simultaneous  partial 
differential  locations  in  the  three  dis¬ 
placement  con.;,  n^nts  w,  v,  and  f  in  the 
form 

hl2 

-E1I1."*(  ,  /(v+wM-Gj  ~  «  =  0  (16a) 


(v+W)-G, 


i  =  0  (16a) 
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where  ...  is  an  arbitrarily  chosen  ref¬ 
erence  frequency  which  is  that  of  the 
first  thickness  shear  mode  of  a  beam 
having  the  geometrical  average  proper¬ 
ties  of  the  two-layered  beam  and  is 
given  by 


"I  hQ ( 1+h5) 
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lpini+pono' 


Non-zero  solutions  to  equations  (16) 
and  (17)  give  rise  to  the  frequency 
equation 
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where  the  following  abbreviations  have 
been  introduced 


h0hl  V 

E0  *“  -  *0  -  0  (16c) 


where  primes  and  dots  denote  differen¬ 
tiation  with  respect  to  x  and  t  respec¬ 
tively.  Equations  (16)  are  solved  for 
waves  travelling  in  an  infinite  beam  in 
the  x  direction  of  the  form 


„  _  *h*x 

a  i?p-* 


Cx  »  G*2(l+4Z*fc*+6E»h*2+4£*h*3+E«2h*4) 


w  *  fc  exp(i U*-tt) )  (17a 

*  =  t  exp(i(-;x-wt)|  (17b 

t  9  exp(i(cx-ut)l  (17c 

where  u  is  the  circular  frequency  and 

C  the  wave  cumber  related  to  the  wave 
length  1  through 


The  following  non-dimensional  quantities 
are  introduced: 

hl 

h*  =  ~ 


E.  .  ^ 


C2  «  (G*/3) (5+4E*h*+E*h*2+2E*h*3) 


G**{l-*E*h*) 


C4  -  (G*/3) (5+E*h*)  (22) 

When  damping  terms  are  included  in  the 
frequency  equation  through  the  intro¬ 
duction  of  the  complex  moduli  G  *  and 
E. *  as  given  by  equations  (6)  and  (1) , 
the  resulting  frequency  is  complex 

u  -  w  (1  ♦  i  y)  (23) 

where  6  is  the  logarithmic  decrement  for 
free  damped  oscillations.  The  loss  fac¬ 
tor  ru  of  the  composite  beam  is  related 
to  4  1 through 
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Each  configuration  was  asse.fi> led  on  an 
aluminum  cantilever  beam  whi  :h  had  a 
n  *  —  (24)  length  of  8  in.,  a  width  of  0.45  in. 

*  and  a  thickness  of  0.0(7  Sn. 


Solutions  to  the  complex  frequency 
equation  (21)  are  obtained  numerically 
by  setting  the  real  and  imaginary  por¬ 
tions  equal  to  zero  individually. 


EXPERIMENTAL  INVESTIGATION 


This  investigation  was  carried  o>c 
on  the  standard  complex  modulus  app~  - 
ratus  and  its  associated  electronic 
equipment  which  ii«  described  in  Ref, 16] . 
Two  different  geometries  of  the  multi¬ 
ple-layered  damping  treatment  were  used 
to  investigate  the  damping  of  canti¬ 
lever  beams  as  a  function  of  tempera¬ 
ture  over  a  wide  range  of  wave  lengths. 
Each  configuration  consisted  of  7  alter¬ 
nate  layers,  each  of  a  constrained 
viscoelastic  band  and  a  constraining 
metal  band  sandwiched  on  to  the  base 


Each  beam  was  placed  inside  an 
environmental  chamber  and  excited  at 
the  free  end  by  means  of  a  maqnetic 
transducer.  The  response  was  obtained 
by  means  of  another  transducer  ->ear  the 
root.  Th2  damping  and  the  frequency 
for  each  observed  mode  was  then  meas¬ 
ured  by  the  half-power  bandwidth  method. 
Data  were  obtained  for  the  first, 
second,  and  third  mode  of  the  cantilev¬ 
er  beam  in  most  cases.  Tests  were 
carried  out  between  0*F  and  20J*F.  The 
experimental  results  for  the  damping  of 
the  composite  beam  are  plotted  in  Fig¬ 
ures  4  through  9  as  a  function  of 
temperature  for  the  several  mode  rut— 
bers. 


DISCUSSION 


Figure  9.  Effect  of  temperature 
on  the  system  damping 
for  y  *  0.5  and  h*»0.75 


Good  agreement  between  theory  and 
experiment  was  found  in  most  cases. 

The  measured  values  for  y  »  2.25  were 
somewhat  higher  than  the  predicted  val¬ 
ues,  especially  for  higher  modes.  A 
possible  explanation  for  this  differ¬ 
ence  is  the  fact  that  the  properties 
shown  in  Figure  3  do  not  accurately  de¬ 
scribe  the  particular  batch  of  material 
used  for  the  experimental  investigation. 
This  may  have  beer.  due  to  an  ageing  ef¬ 
fect  in  the  material  or  prolonged  ex¬ 
posure  to  a  huaia  environment.  There* 
fore,  a  new  batch  of  the  same  material 
was  used  for  the  case  of  y  «  0.5.  In 
this  second  case,  the  agreement  im¬ 
proved  considerably  which  tends  to  indi¬ 
cate  that  the  properties  of  Figure  3 
are  more  representative  of  the  second 
batch  than  the  first.  In  both  cases, 
the  best  agreement  wes  for  the  first 
mode  with  decreasing  correlation  for 
the  second  and  third  modes.  It  shouU. 
b»  noted  that  boundary  conditions  for 
cantilever  beam  are  difficult  to  con¬ 
trol  for  higher  modes  of  vibration  and 
hence  variations  between  theory  and  ex¬ 
periment  are  possible.  Also,  at  higher 
modes,  the  wave  lengths  are  each  small¬ 
er,  hence  the  assumptions  of  negligible 
rotatory  inertia  and  the  use  of  beam 
theory  as  opposed  to  plate  theory  be¬ 
came  less  accurate. 


A  numerical  analysis  was  carried 
out  to  determine  the  effects  of  the 
various  material  and  geometric  parame¬ 
ters  on  the  damping  of  the  composite 
beam.  Equations  (21) -(24)  were  pro¬ 


grammed,  on  4  computer  and  solved  for 
various  combinations  of  parameters 
which  might  be  used  in  actual  damping 

vxeaumenvS .  m  oi,  ua.culaviwns,  the 
b-36  beam  on  which  the  layers  are 
placed  is  considered  to  be  aluminum 
with  Ej.  -  107psi  and  n10  is  taken  equal 
to  unity.  The  numerical  results  for 
Ti/n.Q  were  found  to  be  relatively  inde¬ 
pendent  of  the  actual  value  of  n1Q. 

The  various  results  are  summarized  in 
Figures  10  through  13.  Figure  10  shows 
the  typical  variation  of  damping  with 
wave  number  for  two  values  of  Gin  and 
three  thickneso  ratios  h*.  In  xall 
cases,  the  maximum  or  peak  damping  was 
independent  of  the  shear  modulus  G10  of 
the  damping  layer,  the  only  difference 
being  the  wave  number  at  which  it  oc¬ 
curred.  Increasing  the  thickness  ratio 
h«K\  the  obvious  effect  of  increasing 
the  damping.  In  general,  the  peak 
damping  depended  upon  the  thickness  of 
the  damping  treatment  in  a  nearly  lin¬ 
ear  way  for  thickness  ratios  h*  less 
than  unity.  Doubling  the  thickness  of 
the  treatment  is  thus  equivalent  to 
doubling  the  damping ,  but  also  results 
in  double  th#  weight  added  to  the  base 
beam.  The  wave  number  or  wave  length 
at  which  the  peak  damping  occurs  depends 
on  the  shear  modulus  Gln  as  is  shown  in 
Figure  Hi  If  the  waveAU length  of  an  un¬ 
desirable  vibration  is  known,  the  appro¬ 
priate  value  of  G1Q  can  be  found  which 
will  give  saximumiUmping  for  that  wave 
length.  Figure  12  presents  damping 
curves  as  a  function  of  wave  length  for 
various  values  of  y,  the  ratio  of  the 
thickness  of  the  elastic  layer  to  the 
viscoelastic  layer.  For  the  Values  of 
the  Other  parameters  shown  it  can  he 
seen  that  the  maximum  damping  available 
is  approximately  the  same  for  values  of 
r  of  .25,  .5,  and  1.  The  peak  damping 
warn  then  plotted  as  a  function  of  y  for 
two  values  of  h*  and  two  values  of  E,. 
as  shown  in  Figure  13.  ft  can  be 
seen  that  an'bptimum  value  of  y  can  be 
found  in  each  case  although  the  peak  is 
not  very  sharp.  Two  curves  in  Figure 
13  represent  aluminum  constraining  lay¬ 
ers  on  an  aluminum  beam  for  which 
E  *»  10'pai.  The  other  two  for  E,.  * 
SxlO7  pci  represent  a  f icticioua  mater- 
ial  but  shew  the  trend  for  a  very  high 
modulus  material  such  as  boron.  The 
curves  shew  a  definite  increase  in 
damping,  especially  for  the  thincer 
damping  treatment  where  h*  -  .15. 

These  curves  are  drown  for  G10  *  lOQpsi- 
but  are  identical  for  all  values  of  G1A 
between  10  end  10s  psi,  the  range 
investigated  here. 
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CONCLUSIONS 


The  analysis  presented  herein  al¬ 
lows  for  a  displacement  field  in  the 
equivalent  homogeneous  damping  layer 
which  includes  terms  up  to  parabolic 
order,  and  gave  good  agreement  with  ex¬ 
perimental  results.  The  damping  pre¬ 
dictions  of  this  theory  were  approxi¬ 
mately  twenty  percent  higher  than  those 
using  anisotropic  Timoshenko  beam 
theory  where  displacements  vary  linear¬ 
ly  across  the  thickness.  The  theory 
could  be  improved  by  considering  higher 
order  terms  in  the  displacement  field, 
at  the  expense  of  increased  mathemati¬ 
cal  complexity.  The  relatively  good 
agreement  between  theory  and  experiment 
seems  to  indicate  the  adequacy  of  the 
existing  theory. 

The  results  of  this  investigation 
illustrate  a  number  of  features  about 
multiple-layer  damping  treatments  and 
their  application: 

1.  The  damping  for  a  given  set  of 
material  and  geometric  param¬ 
eters  is  strongly  dependent  on 
wave  length.  The  composite 
beam  (or  structure  in  general) 
cannot  be  thought  of  in  terms 
of  a  single  equivalent  "El"  or 
flexural  rigidity  because  of 
this  variation. 

2.  Changing  the  modulus  of  the 
damping  layers  changes  the 
wave  length  et  which  peak 
damping  may  be  obtained  but 
does  not  change  the  magnitude 
of  the  damping. 

3.  An  optimum  value  of  y,  the 
thickness  ratio  of  the  elastic 
to  the  viscoelastic  layers, 
may  be  found  for  specific  ma¬ 
terials.  In  the  present  in¬ 
vestigation,  values  close  to 
one-half  provided  the  moat  ef¬ 
ficient  damping. 

4.  Calculations  indicate  that 
higher  stiffnesses  of  the  con¬ 
straining  layers  serve  to  in¬ 
crease  the  damping  of  the  en¬ 
tire  system.  It  would  appear 
then  that  further  improvements 
are  possible  in  multiple-layer 
damping  treatments  through  the 
introduction  of  higher  modulus 
materials  as  constraining 
layers  (7) . 

5.  Optimum  dsnping  for  the  treat¬ 
ment  occurs  when  the  loss  fac¬ 
tor  of  the  damping  material 
takes  on  its  maximum  value. 


It  is  interesting  to  note  that 
this  condition  is  satisfied 

CsaXy  in  tuC  *■»«» ■>  *  j«*>n 

of  the  damping  material  and 
hence  a  simple  criterion  for 
optimizing  the  multiple-layer 
treatment  can  be  stated  as 
follows:  in  order  to  achieve 
maximum  damping  by  the  multi¬ 
ple-layer  treatment  for  a 
specific  application,  it  is 
necessary  to  use  a  viscoelas¬ 
tic  damping  material  whose 
transition  region  coincides 
with  the  temperature  region 
over  which  the  treatment  is 
utilized.  This  was  found  to 
hold  for  a  number  of  case? 
discussed  in  Reference  [8]. 
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SYMBOLS 


E  Young's  modulus 

G  Shear  modulus 

h  Thickness 

I  Moment  of  inertia 

M  Bending  moment 

N  Axial  force 

Q  Transverse  shear  force 

t  Time 

u  Axial  displacement 

V  Transverse  shear  forco 

w  Transverse  displace tent 

x  *  j  also  Cartesian  coordinate  along 
beam  axis 

y  Thickness  ratio  (equation  5c) 

£  Logarithmic  decrement 

n  Loss  factor 


\  Have  length 

■v  Rotation  of  cross  section 

i  Displacement  component 

p  Mass  density 

c  Normal  stress 

t  Shear  stress 

k.  Circular  frequency 

Q  Reference  frequency 

t  Have  number 

*  Superscript  denoting  dimension¬ 

less  quantity 

0  Subscript  denoting  base  beam 

I  Subscript  denoting  multiple- 

layer  treatment 

10  Subscript  denoting  viscoelastic 

layer 

II  Subscript  denoting  elastic  layer 

(No  subscript  denoting  the  composite 
system) 
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DISCUSSION 


Mr.  Blpperger  (University  ot  Texas);  I  would 
like  to  ask  Wo  questions.  I  assume  mat  in  these 
models  the  shear  transfer  to  the  elastic  layers  is 
entirely  through  the  viscoelastic  layers.  If  that  is 
the  case  I  am  puzzled  as  to  what  the  physical  expla¬ 
nation  is  of  the  effective  ness  of  thus"  elastic  layers 
in  increasing  the  damping.  Can  you  explain  this? 

Mr.  Nicholas  (AFML);  Everyone  else  working 
In  the  field  seems  to  have  a  very  good  physical  un¬ 
derstanding  for  this.  I  can  only  repeat  what  they  all 
say.  Basically  the  stiff  elastic  layer  induces  shear 
deformation  into  the  viscoelastic  layers  which  are 
sandwiched  between  them.  It  acts  as  a  constraining 
layer,  but  physically  it  is  a  very  difficult  thing  to  see. 
Mathematically  it  introduces  all  of  the  shear  defor¬ 
mation  into  the  viscoelastic  layer,  the  soft  Layer,  and 
the  shear  stresses  throughout  the  entire  treatment 
are  about  equal.  Because  of  the  low  modulus  there 
is  a  lot  of  shear  deformation  in  the  viscoelastic 
layer  and  haruly  any  in  the  elastic  layers. 

Mr.  Henderson  (AFML):  I  wonder  if  I  could 
interject  one  comment  here.  The  result  of  Increas¬ 
ing  the  modulus  of  the  constraining  layer  is  consistent 
with  several  other  previous  investigations.  One 
physical  explanation  that  has  been  offered  by  such 
people  as  Lczan  and  Plunkett  at  the  University  of 
Minnesota  is  that  the  stretching  of  the  constraining 
layer  decreases  the  total  volume  of  viscoelastic 
material  that  experiences  high  shear  strain.  Most 


of  our  constrained  layer  damping  treatments  could 
oe  improveu  uy  uila  sUfuwa^  of  the  con¬ 

straining:  layer  because  it  actually  shears  more 
viscoelastic  material  before  the  stretching  catches 
up  and  wipes  out  the  shear  strain.  I  do  cot  know  if 
that  makes  an)  sense  or  not  but  there  are  some 
sketches  of  displacement  fields  in  both  Lazan's  and 
Plunkett's  proviso  papers  and  I  think  you  might  be 
able  to  look  at  these  and  get  a  little  better  physical 
understanding. 

Mr.  Prouse  ( Battclle  Memorial  Institute):  I 
was  Interested  In  the  experinvntaTapproach  you 
used  to  obtain  the  damping  in  thv  third  mode.  Are 
coupling  effects  from  other  modes,  eliminated?  Did 
you  really  obtain  a  pute  third  mode  ? 

Mr,  N  as  hit:  !  do  not  think  you  have  to  worry 
about  coupling  if  your  modes  arc  faily  well  separated 
and  the  damping  is  fairly  low  in  the  composite  system, 
and  that  was  the  case.  The  total  damping  was  on  the 
order  of  0.1  and  0.2,  and  the  modes  were  fairly 
well  separated  for  the  cantilever  beam. 

Mr,  Prouse:  I  guess  as  these  damping 
approaches  get  better  and  better  the  experimental 
part  will  get  harder  and  harder. 

Mr.  Nashif;  That  is  right.  As  you  go  higher 
with  mode  number  the  agreement  between  the  theory 
and  experiment  gets  worse. 


DETERMINATION  OF  DAMPING  PROPERTIES  OF 
SOFf  VISCOELASTIC  MATERIALS 


Fakhruddin  Abdulhadi 
IBM  General  Systems  Division 
R  xhester,  Minniso  a 


The  frequency  and  composite  loss  factor  equations  for  a  beam  with  a  constrained  damping 
layer  are  uncoupled  to  yield  equations  for  the  loss  factor  and  the  shear  storage  modulus  of 
the  constrained  viscoelastic  layer.  Each  of  the  loss  tactor  and  storage  modulus  equations 
.s  ev  pressed  in  terms  of  the  resonant  frequency,  the  composite  loss  factor,  the  mode  number, 
and  the  geometry  of  the  cross-section  of  the  beam.  Error  analysis  is  performed  using  these 
two  new  equations  to  determine  the  magnification  of  the  relative  errors  ir.  the  calculated 
material  loss  factor  and  the  storage  modulus  due  to  errors  in  the  measured  resonant 
frequency  and  composite  loss  factor. 


INTRODUCTION 

Analysis  of  laminated  plates  z;.d  beams,  including  a  visco¬ 
elastic  layer,  has  been  performed  by  several  investigators 
[1,2,3,44.61.  This  analysis  provided  equations  to  deter¬ 
mine  the  relationship  between  the  composite  loss  factor  and 
the  resonant  frequency  of  the  composite  laminate. 
References  [ 6,7,8 1  describe  methods  to  determine  the 
resonant  frequencies  and  corresponding  composite  loss  fac¬ 
tors  for  beams  and  plates  of  known  dimensions,  material 
properties,  and  boundary  conditions. 
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The  properties  of  the  viscoelastic  damping  layer  are  frequcncy- 
and  temperature-dependent  for  small  strains.  Thus,  it  is 
necessary  to  know  each  of  the  curves  of  G  (shear  storage 
modulus)  and  ft  (material  loss  factor)  versus  frequency  at 
each  temperature,  in  order  tc  employ  the  existing  theory 
to  provide  data  usable  by  the  designer  of  such  laminates. 

The  dau.ping  layer  used  m  the  unconstrained  layer  configura¬ 
tion.  shown  in  Fig.  I,  is  usually  stiff.  The  storage  modulus 
E  and  the  material  loss  factor/!  of  such  stiff  damping 
materials  can  be  successfully  obtained  (9.10)  from  a 
vibration  test  of  a  bear.)  of  the  configuration  shown  in 
Fig.  2.  Error  analysis  performed  by  Nashif  [9)  for  such 
beams  shows  dut  this  configuration  produces  unreliable 
results  when  the  damping  layer  is  relatively  soft. 
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Relatively  soft  viscoelastic  materials  arc  used  in  die  constrained 
Igyer  configuration.  Properties  of  such  materials  have  been 
determined  by  Nicholas  and  Heller  (II)  by  using  a  beam  with 
a  thick  cote  sandwiched  between  two  thin  membrane  type 
lacings.  The  use  of  such  beams  is  limited  to  low  frequencies 
(usually  Hz  <  300).  The  exact  identification  of  the  resonant 
frequencies  becomes  difficult  due  to  increased  damping 
tuned  damper  resonant  technique  has  been  successfully  used  by 
Canon,  Nashif  and  Jones  112).  The  present  investigation 
considers  the  use  of  a  constrained  damping  layer  beam  for  the 
evaluation  of  the  complex  modulus  for  soft  viscoelastic 
materials.  Such  a  sample  with  identical  elastic  layers  has  been 
used  by  Roscoe,  Thomas,  and  Biasmgame  [13].  However,  the 
required  compulations  ate  lengthy  and  the  expressions  (dating 
the  measured  quantities  to  the  computed  properties  do  not 
readily  yield  themsehr*  to  error  analysis.  This  investigation 
presents  two  new  equations  relating  the  shear  Stonge  modulus 
end  the  material  loss  factor  to  the  measured  resonant  frequency 
and  the  corresponding  composite  loss  factor  for  the  beam 
tested. 
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ANAIVSIS 

The  complex  frequency  of  the  constrained  damping  layer 
laminate  is  written  as  [6,2] : 
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The  subscripts  indicate  the  layer  number  as  shown  in  Fig.  2. 
Constants  are  elastic  moduli:  Tj.T-j,  and  T-j  are 

thicknesses:  h  is  the  real  part  of  the  complex  frequency 
and  i)  is  the  composite  less  factor.  The  mode  parameter  a 
is  defined  for  each  mode  for  the  given  length  and  the 
boundary  conditions  of  the  beam.  The  max  density  per 
unit  length  of  the  composite  beam  is  p  and  the  densities 
of  the  three  layers  are  p  P2*  and 

Eqs.  (2)  and  (3),  which  are  two  polynomials  in  0  and  G,  are 
written  as  follows: 

(X2-l-Y»2  +  (X2-l)P2-Yp  =0  (4) 

i|(1+Y)02  +  Y(I-P)0  +  ijP(Y  +  P)  =  0  (5) 

where 

*2  -  4°2 

Du2 
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Y  =  D 

Eq.  (4)  is  multiplied  by  q  and  added  to  Eq.  (5)  to  yield 

ijX202  +  Y(  l  - 4)0 ♦  »iX2p2  =0.  (6) 

Solving  for  in  Eq.  (4),  substituting  the  result  only  in  the 
lint  term  of  Eq.  (61,  and  solving  for  the  remaining  0  gives 


0 

Eq.  (7)  is  now  used  in  Eq.  (4)  to  eliminate  0  and  yield 

#  Y(X2  - 1  -  Y) _ 

„2X4  +  (X2-IXX“-1-Y)‘ 


(8) 


The  quantity  p  can  be  eliminated  from  Eq.  (7)  by  using  Eq.  (8) 
to  give  the  material  loss  factor  equations  as 


»x2y 


(1-X2XX2-I-Y)-u2X4 
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Using  the  definition  of  the  quantity  p  in  tetms  of  shear  stotage 
modulus  gives 


T2Ke. 


(I  -x2xx2- 1  -Y)-n2x4 
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(10) 


Thus,  Eqs.  (9)  and  ( 10)  can  easily  be  used  to  compute  0  and  G. 
The  constant*  Y,  Tj,  and  Ke  are  known  for  the  beam  tested. 
The  mode  parameter  «  assumes  different  values  for  different 
modes,  if  the  beam  is  tested  as  a  cantilever  beam,  the  values 
of  a  for  the  first  four  modes  are 
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where  L  is  the  vibrating  length  of  the  beam.  The  symbol  X  is 
directly  related  to  the  measured  resonant  frequency.  Thus,  if 
Q0  is  designated  as  die  uncoupled  frequency  defined  by 
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The  frequency  f  (in  Hz)  is  measured  for  the  given  mode,  and 
f_  (in  Hz)  is  calculated  for  the  same  n  ude.  The  only 
dynamically  measured  quantities  on  th  r  right  side  of  Eqs.  (9) 
and  ( 10)  are  n  and  f.  The  rest  of  the  q  tin  titles  are  known 
for  the  beam  tested  at  the  given  mode. 

A  slightly  more  exact  expression  for  X  can  be  obtained  by 
considering  the  effect  of  damping  on  the  resonant  frequency. 
Using  Eq.  ( 1 )  for  small  values  of  y,  the  actually  measured 
damped  frequency  U  is  related  to  the  undamped  frequency  f 
through (131 
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Using  Eq.  ( 1 2)  in  Eq.  ( 1 1 )  gives  a  slightly  more  accurate 
expression  for  X : 
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Eqs.  (9)  and  (4)  caq  yield  expressions  for  n  and  Gi/Til^a 
in  terms  of  0  and  X“  as 
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ERROR  ANALYSIS 

The  effect  of  smat'  relative  errors  in  the  measured  X  and  v 
on  the  relative  errors  of  the  computed  quantities  G  and  0 
are  evaluated  bv  using  Eqs.  (9)  and  ( 10).  Analysis  was 
performed  bv  using  the  expression  for  X  given  by  Eq.  <  1 1 ), 
and  for  X  give;,  by  Eq.  ( !  3).  The  expressions  obtained  for 
the  magnification  factor,  using  the  latter  X,  are  far  more 
complicated  than  those  obtained  by  the  use  of  the  former 
X.  Numerical  results  have  shown  little  difference  between 
these  two  sets.  Therefore,  the  simple  equations  obtained 
by  using  X  of  Eq.  ( 1 1 )  are  given.  Thus, 


M,  -  |2r>2X4Y(Y+l-X2)l 
‘  4  <X«) 

x  =  (x2-!kx2-i-Y)  +  v2;4 

fl  =  (X2-1-Y)2  +  ij2X4 


The  quantities  M  j ,  Mi,  M3,  and  M4  are  the  rnagnificEtion 
factors.  The  factors  Mi  M4  have  been  evaluated  for 
various  values  nf  q,  X,  and  Y.  It  was  found  that  M2  was  close 
to  one  and  M4  was  less  thar  one.  Thus,  the  relative  error  .-n 
the  calculated  0  is  the  sam ;  as  that  of  the  measured  q.  Hie 
computed  value  of  M4  in  ricates  that  errots  in  the  measured 
q  produce  vety  small  errors  in  the  computed  G. 

The  magnification  factors  M<  and  M3  vary  greatly  in  magni¬ 
tude,  depending  on  X,  Y,  ana  to  a  lesser  degree  on  q.  Since  it 
is  more  convenient  to  present  the  results  in  terms  of  0,  X,  and 
Y,  the  values  of  1?  in  Eqs.  (20)  and  (22)  are  computed  for  the 
given  0  from  Eq.  (14). 

The  parameter  X  2  can  be  considered  as  a  measure  for  the 
degree  of  coupling  between  the  elastic  layers.  In  the  absence 
of  damping,  Eq.  (2)  reduces  to 


=  1  + 


(24) 


This  equation  shows  that,  without  coupling,  G  -  0  and  X*l. 
When  coupling  is  perfect.  G  *  -  and  X2  =  1  +  Y.  Tiy  actual 
values  of  X“  forr  finite  G  will  be  in  the  range  1  <  X‘<  1  +  Y. 
Since  e  increases  for  the  higher  modes,  X  decreases  as  the 
frequency  increases.  The  cimpositc  loss  factor  1  becomes 
aero  at  X2*  i  or  at  X2=  1  +  Y.  This  is  evident  from  Eq.  (14). 
Thu^,  Eqs.  (20)  and  (23)  indicate  that  M.  and  M3  are  infinite 
at  X‘  =  1  and  X2  =  1  +  Y  for  any  value  of  0. 


Fig.  3  shows  that  the  minimum  values  of  M3  increase  as  Y 
decreases.  Increasing  values  of  0  for  the  given  Y  change  the 
right  pot  lion  of  the  curve  resulting  in  lower  values  c>f  M3,  at 
shown  in  Fig.  4. 
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The  magnification  factor  M  j  become;  j-ro  at  one  point  for 
each  Y,  regardless  of  the  value  of  0.  Fig  S  shows  the  effect 
of  Y  on  the  values  of  Mj  for0  *  0.1.  increased  values  of 
0  drift  the  right  portion  of  each  curve  dighily  to  the  left. 


The  geometric  parameter  Y  can  be  expressed  as  a  function 
of  thickness  ratios  when  the  material  of  the  elastic  layers  is 
the  same,  Le.,  Ej  *  E3.  Thus, 

Y  *  3n(l  +  n  +  2wn)2 
(l  +  nKl+n3)  ’ 


where 

m 


n 


For  a  given  total  thickness  of  the  elastic  layers,  the  value  of 
Y  is  the  largest  when  the  elastic  layers  are  equal  in  thickness, 
as  shown  in  Fig.  6. 
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MAGNIFICATION  FACTOR  M 


MAGNIFICATION  FACTOR 


Fig  5  •  Effect  of  Y  on  Mi  for  fi  •  0.1 


Fig.  6-  Effect  of  thckma  ouiot  on  Y 
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NOMENCLATURE 

D  =  the  sum  of  the  flexural  stiffnesses  of 

layers  one  and  three 

Et,  t:s  =  elastic  moduli  of  layers  one  and  three, 

respectively 

f  -  natural  frequency  (11/ 1  of  the  composite 

for  small  composite  loss  factor 

(j  =  measured  natural  frequency  (Hz)  of  the 

composite  beam 

G  =  storage  shear  modulus  of  the  visco¬ 

elastic  damping  layer 

i  = 

Kc  =  equivalent  extensional  stiffness 

L  =  beam  length 

Mj.Ms.  Mj.  M4  =  magnification  factors 

Tj.Tj.T,  =  thicknesses  of  layers  one,  two.  and  three, 
respectively 

V  =  geometric  parameter 

a  =  mode  parameter 

8  =  material  I"  s  factor 

11  c  composite  los  factor 

p  =  density  of  composite  per  unit  length 

Pl.p-v.pj  *  densities  of  layer,  one.  two.  an  J  three, 

respectively 

5  *  distance  betweer  the  centroidal  pbue* 

o"  layers  one  and  three 

X  =  frequency  ratio 

r  =  density  per  unit  length  ratio 

U*  =  real  part  of  complex  frequency 

=  complex  frequency 
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DISCUSSION 


Uw  F/w  <p«i»wi  Ccstrds)  *  In  vc~  ssnlysis , 
was  it  assumed  that  iEere  was  no  (lamping  in  the 
elastic  layer? 


Mr.  Abdulhadi:  Yes,  we  assuine>i  that  the  damp 
log  in  the  elastic  layers  was  very  small  compared  to 
that  of  the  viscoelastic  layers. 


n/HiailAH  KAti  tulll  «<n/l  (in 
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which  have  to  be  recoupled  again.  The  equations 
that  1  have  shown  resulted  from  assuming  that  the 
damping  is  in  the  middle  layer.  If  the  damping  of 
the  elastic  layers  is  included  we  have  to  inspect  the 
equations  that  result  from  such  an  assumption  and 
see  if  we  can  couple  them. 


Mr.  Fox:  Would  it  be  easy  to  modify  that  to  in¬ 
clude  damping  if  one  knew  the  loss  factor  and  the 
shear  modulus  of  the  elastic  layer  itself? 

Mr.  Abdulhadi:  If  you  introduce  the  less  factor 
of  the  elastic  layers  into  the  original  frequency 


Mr.  Henderson:  I  would  like  to  interject  one 
comment  and  that  is  that  the  case  of  the  two  visco¬ 
elastic  layers  or  dairying  in  two  outside  layers,  was 
covered  by  Nicholas  and  Nashif  in  the  39th  Shock  and 
Vibration  Symposium.  It  is  a  different  treatment  of 
the  problem,  but  the  problem  was  discussed. 
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IMPROVING  RELIABILITY  AND  ELIMINATING  MAINTENANCE 
KITH  ELASTOMERIC  DAMPERS  FOR  ROTOR  SYSTEMS 


J.  L.  Potter 

Lord  Manufacturing  Company 
Erie,  Pennsylvania 


Elastomeric  dampers  are  a  new  generation  of  dampers 
designed  to  prevert  helicopter  and/or  VTOL  rotor  system 
instability.  The  damper  employs  a  highly  damped  visco¬ 
elastic  polymer,  vulcanized  and  bended  to  metallic  mem¬ 
bers  which  in  turn  are  connected  to  the  rotor  system. 
Deformation  of  the  viscoelastic  material  produces  a 
total  resisting  force  composed  of  a  damping  and  an 
elastic  component  operating  90s  out  of  phase  due  to 
the  hysteresis  inherent  in  the  polymer.  The  damper 
service  life  (T.B.O.)  can  be  in  the  range  of  1500  to 
2000  flight  hours  with  no  maintenance  or  lubrication 
required.  Elimination  of  maintenance  and  lubrication 
are  accomplished  through  use  of  the  viscoelastic  material, 
design  simplicity,  and  no  sliding  surfaces.  Operation 
is  possible  throughout  a  temperature  range  of  -65s  to 
+200*F.  Adverse  environmental  effects  such  as  weathering, 
oil,  and  sand  and  dust  are  virtually  non-existent.  Labora¬ 
tory  and  flight  testing  have  provided  evidence  that  the 
elastomeric  damper  can  prevent  rotor  instability. 


INTRODUCTION 

The  term  elastomeric  damper  des¬ 
cribes  a  new  concept  of  devices  to  dissi¬ 
pate  energy  through  che  use  of  visco¬ 
elastic  materials.  The  elastomeric 
damper  has  some  new  characteristics 
which  may  make  it  attractive  to*  use  in 
preventing  instability  of  helicopter 
and/or  VTOL  rotor  systems  and  perhaps 
other  applications  where  auxiliary  damp¬ 
ing  devices  are  required.  Its  most 
impertant  assets  are  improved  reliability 
and  elimination  of  costly  caintenance 
usually  associated  with  conventional 
energy  dissipative  devices  such  as 
friction  or  viscous  dampers.  As  a  re¬ 
sult,  use  of  the  elastomeric  damper  can 
lead  to  reduced  operating  cost  and  air¬ 
craft  downtime. 


RESUME  OP  A  TYPICAL  ELASTOMERIC  DAMPER 

rigure  I  and  II  are  photographs 
of  a  typical  viscoelastic  damper  de¬ 
signed,  manufactured,  and  tested  for 


service  in  a  fully  articulated  heli¬ 
copter  rotor  system. 


FIGURE  I.  TYPICAL  VISCOELASTIC  DAMPER 
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The  damper  shown  weighs  less  than  five 
pounds  and  will  fit  within  a  two  by 
three  by  fifteen  inch  space  envelope. 

The  construction  is  primarily  of  alumi¬ 
num  and  a  custom  compounded  silicone 
type  elastomer,  while  the  hardware-  is 
alloy  or  stainless  steel.  The  elasto¬ 
mer  is  vulcanized  and  bonded  to  the 
aluminum  members.  The  center  and  end 
connections,  containing  teflon  bushings 
to  eliminate  lubrication,  attach  to  cle¬ 
vises  of  the  rotor  head  and  blade  cuff. 
No  maintenance  is  required  for  this 
damper  throughout  its  overhaul  period 
except  for  occasional  visual  inspection 
while  installed  in  the  rotor  system. 

Cost  is  comparable  or  less  them  conven¬ 
tional  viscous  or  friction  type  dampers. 


r 


FIGURE  XI.  TYPICAL  ELASTOMERIC 
PROTOTYPE  DAMPER. 


WHY  ROTOR  SYSTEM  DAMPERS? 

Helicopters  and/or  VTOL  rotor 
systems  most  generally  require  a  certain 
amount  of  damping  in  the  rotor  system 
to  prevent  an  instability  phenomena 
known  as  ground  or  air  resonance  frost 
occurring  while  the  rotor  is  operating 
on  the  ground  or  during  flight.  The 
instability  is  called  resonance  due  to 
the  fact  that  it  occurs  when  a  fuselage 
natural  frequency,  involving  horizontal 
or  in-plane  rotor  hub  motion,  is  coin¬ 
cident  or  close  to  the  difference  bet¬ 
ween  the  rotor  speed  and  the  rotating 
blade  in-plane  natural  frequencies. (D 
Failure  to  adequately  control  this 
phenomena  can  lead  to  total  destruction 
of  the  aircraft. 


Kuioi  systems  which  utilize  in¬ 
plane  or  drag  hinges  usually  employ 
some  type  of  damping  device  to  pre¬ 
vent  instability,  while  hingeless 
rotors,  especially  those  of  low  stiff¬ 
ness  (a  rotor  system  with  blade  in¬ 
plane  natural  frequencies  below  the 
normal  rotor  operating  speed)  may  re¬ 
quire  some  auxiliary  damping  to  pre¬ 
vent  rotor  instability,  particularly 
during  flight. 


PROBLEMS  WITH  VISCOUS  OR  FRICTION 
DAMPERS 

The  most  cocoon  types  of  auxiliary 
dampers  in  widespread  use  today  for 
helicopter  or  'CTOL  rotor  systems  are 
of  the  viscous  (ex.  hydraulic)  or 
friction  variety.  While  these  types 
perform  satisfactorily,  they  may 
require  frequent  inspection  and 
maintenance  due  to  their  characteris¬ 
tic  mode  of  operation  —  that  is, 
employment  of  sliding  surfaces  which 
tend  to  promote  wear  or  leakage  — 
reliability  can,  therefore,  be  a 
problem.  Environmental  effects 
common  to  aircraft  operation,  such  as 
sand  it  dust,  oil,  tumidity,  fungus, 
and  weathering  may  further  reduce  the 
time  between  overhauls  (T.B.O.), 
leading  to  costly  aircraft  downtime. 


THE  ELASTOMERIC  DAMPER  CONFIGURATION 

As  the  name  implies,  the  elastomeric 
damper  employs  a  highly  damped  (low 
resilience)  viscoelastic  material, 
vulcanized  and  bonded  to  metallic 
components,  which  in  turn  are  attached 
to  the  rotor  head  and  blade  cuff  as 
shown  schematically  in  Figure  III. 

Normal  lead-lag  (in-plane)  motion  of 
the  blade  causes  an  oscillatory 
angular  (one  cycle  per  revolution) 
motion  of  the  blade  cuff  about  the 
drag  hinge  as  shown  for  the  fully 
articulated  system  of  Figure  Ill.  By 
geometry,  this  angular  motion  is 
transformed  into  oscillatory  axial 
linear  motion  of  the  damper  which  in 
turn  causes  deformation  (shat  :ing) 
of  the  viscoelastic  material  between 
the  outer  and  inner  metallic  attach¬ 
ment  plates  as  shown  in  view  A-A  of 
Figure  III.  The  deformation  of  the 
elastomeric  material  produces  the 
dynamic  forces  necessary  to  prevent 
air  or  ground  resonance  of  the  rotor 
system. 
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FIGURE  III.  INSTALLATION  OF  VISCO¬ 
ELASTIC  DAKPER  IN  ARTICULATED  ROTOR 
SYSTEM. 


Fig  .ire  IV  is  a  partially  detailed 
view  of  an  elastomeric  daaiper  to  ex¬ 
plain  the  construction.  The  taper 
inner  aeeber  is  attached  at  one  end  to 
the  rotor  blade  cuff  while  the  two 
outer  where  are  connected  to  the 
rotor  head.  The  viscoelastic  material 
is  vulcanized  and  bonded  between  the 
outer  plates  and  the  inner  aaaber. 

The  two  bolts  and  spacers  at  each  end 
of  the  deeper  body  provide  for  proper 
alignment  of  the  outer  plates  and  im¬ 
proved  load  distribution.  In  this 
particular  damper,  elastomeric  bearings 
are  provided  at  the  attachment  points. 
The  elastomeric  bearings  completely 
eliminate  any  sliding  surfaces  by 
accommodating  all  relative  motion 
between  the  inner  sleeve  and  the  damper 
body  through  a  shearing  deformation  of 
the  rubber.  In  the  installation, 
similar  typa  elastomeric  bearings  are 
locked  as  shown,  into  the  rotor  bead 
and  blade  cuff  attachment  clevises. 
Tightening  torque  on  the  bolts  pro¬ 
vides  sufficient  clamping  force  on  the 


three  bearing  inner  sleeves  to  insure 
fhat  all  relative  motion  Iriup  to  slight 
rotation)  occurs  in  the  elastomer  and 
not  metal  to  metal,  to  prevent  wear 
or  fretting.  This  eliminates  all 
lubrication  and  reduces  maintenance. 

The  elastomeric  bearings  have  soft 
and  extremely  stiff  spring  rates  in  the 
torsional  and  radial  modes,  respective¬ 
ly.  Other  danperu  have  been  manufactured 
using  self-lub  seating  teflon  type 
bearings  at  the  attachment  points. 

VISCOELASTICITY  (2) 

The  molecular  structure  of  all 
elastomeric  (viscoelastic)  materials 
is  such  that  internal  friction 
(hysteresis)  is  produced  when  the 
material  is  deformed.  Sinusoidal 
deformation  of  a  viscoelastic  material 
results  in  a  resisting  force  which,  if 
the  force-deflection  relation  is 
linear,  is  sinusoidal.  The  internal 
friction  produces  a  phase  difference 
between  the  force  and  the  deflection. 

The  total  force  can  be  represented  as 
a  vector  composed  of  two  components, 
one  in  phase  with  the  deformation  and 
tne  other  90*  out  of  phase.  The  two 
forces  are  referred  to  as  the  elastic 
and  damping  components  as  shown  in 
Figure  V. 


FIGURE  V.  VECTORIAL  REPRESENTATION  OF 
ELASTIC  AND  DAMPING  COMPONENTS  FOR 
ELASTOMERIC  MATERIALS. 

where : 

F"  *  Damping  force 

F'  *  Elastic  force 

F*  «  Total  resisting  or  complex 
force. 

The  magnitude  of  F"  and  F*  depend 
upon  the  amplitude  of  deflection,  the 
shape  and  size  of  the  elastomeric 
material  and  the  complex  dynamic 
modulus  of  the  viscoelastic  material. 
If  G*  represents  the  complex  dynamic 
modulus  and  its  damping  and  elastic 
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moduiii  fay  G"  and  G';  respectively, 
then: 


Where 


G*  =  G‘  +  iG" 

I  G*|  =  /( G*)2+  (G")2 


Where 


G'  =  F*  :  O/X 


G“  =  F"(q)/X 


eq.  (1) 
eq.  (2) 


eq.  (3) 
eq.  (4) 


X  =  Amplitude  of  deflection- 
inches 

q  =  Factor  dependent  on  size 
and  shape 

Since  FORCE/DEF LECTION  =  STIFFNESS, 
it  can  be  shown  using  equations  (3) 
and  (4)  that: 


F*/X  *  GVq  =  K* 
F"/X  =  GVq  =  K" 


eq.  (5) 
eq.  (6) 


K'  *  Dynamic  elastic  stiffness 
of  an  elastomeric  damper 
or  mounting. 

K*  =  Damping  stiffness  of  an 
elastomeric  damper  or 
mounting. 


The  preceding  reviews  th-s  operating 
principle  of  the  elastomeric  (visco¬ 
elastic)  damper.  The  total  resisting 
force  (F*)  produced  by  the  damper 
elastomer  deformation  is  composed  of 
the  damping  (F")  and  the  dynamic 
elastic  (F*)  forces  acting  90*  out 
of  phase.  Since  the  elastomeric 
damper  has  an  elastic  and  damping 
stiffness,  the  total  force  produced 
when  the  damper  is  deflected  would  be 
consequently  higher  (than  that  of  a 
viscous  or  friction  type  device)  in 
order  to  obtain  the  same  damping 
force  (F“). 


BLADE  CUFF 


ROTOR  HEAD  ATTACHING 
CLEVISES 


ELASTOMERIC  BEARING  „ 
'INTEGRAL  WITH  DAMPER)  l 


-ELASTOMERIC  BEARING 
(4  PLACES) 


INNER 
"  MEMBER 


OUTER 
”  PLATES 


FIGURE  IV.  CUTAWAY  OF  ELASTOMERIC  DAMPER  WITH  ELASTOMERIC  BEARINGS  AT 
ATTACHMENT  POINTS, 
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eq.  (11a) 


DAMPING  CHARACTERISTICS 

In  order  to  further  understand 
the  elastomeric  damper  it  is  convenient 
from  an  engineering  dynamics  stand¬ 
point  to  determine  an  equivalent  viscous 
damping  ratio  (f*e) . 

fe  =  C/Cc  eq.  (7) 

Where 

C  =  Viscous  damping  constant 

Cc  =  Critical  damping  constant 

It  is  known  ^that  the  ratio  of  the 
elastic  (K')  to  damping  (K1*)  stiffness 
can  be  utilized  to  determine  the  trans- 
missibility  of  a  vibratory  system 
operating  at  resonance. 

T'  *  p  *>•  w 

Where 

T*  =  Transmissibility  at 
resonance. 


If: 

Q  -  K*/K",  then 

1  +  H2  =  (l  +  12  C/Cc)2)/ 

4  (C/Cc)2  eq.  (lib) 

finally,  the  equivalent  viscous  damping 
ratio  (equation  5)  can  be  found: 

?e  =  -35-  eq-  n 2) 

The  value  of  for  elastomeric  dampers 
lies  in  the  range  of  .12  to  .19,  de¬ 
pending  on  the  design,  and  the  strain- 
frequency  relationship  imposed  on  the 
elastomeric  section-  It  should  be 
noted  that  fe  is  true  for  systems 
operating  at  resonance  only. 

MOTION  -  FREQUENCY  EFFECTS 

The  damper  dynamic  characteristics 
of  K',  K*  and  J*e  are  affected  by  the 
motion  (strain)  and  operational  fre¬ 
quency  that  results  from  the  rotor 
speed  and  blade  in-plane  (lead-lag) 
motions. 


From  the  well  known  equation  for  trans¬ 
missibility  of  a  viscous  damped  vibra¬ 
tory  system: 


=  / 1  +  i2C, 


^f/fM)  2-l)  2  +  (2  C/C 


C/Cc  *  f/f 

£ - a 


7/ 


f/V 


eq.  (9) 


Where: 


T  =  Transmissibility  of  system 

C/Cc  *  damping  ratio 

f/f  =  ratio  of  excitation  to 
n  system  natural  frequency. 


If  f/f n  *  1,  the  eyste:  is  at  resonance 
and  the  corresponding  tra  ismissibility 
(T")  can  be  calculated: 


T' 


«  /l  +  (2  C/C  )2/ 
/  (2  C/Cc)2' 


eq.  (10) 


Since  equations  8  and  10  are  the  trar.s- 
missibilities  for  resonant  systems,  the 
T's  can  be  set  equal  to  each  other 
and  the  equivalent  damping  ratio  (^e) 
for  the  elastomeric  damper  may  be 


found: 


1  + 

(i 


bp2 

*  (2  C/Cc) 
2 


4  (C/C  ) 
c 


eq.  (11) 


As  a  general  rule,  as  the  axial 
motion  (strain)  imposed  on  the  damper 
increases,  the  elastic  (K‘)  and  damping 
(K“ )  stiffnesses  decrease.  The  equival¬ 
ent  damping  ratio  also  decreases  with 
increasing  motion,  but  at  a  slower 
rate  —  what  this  all  means  is  that 
the  damping  force  available  to  prevent 
rotor  instability  is  decreasing  as  the 
in-plane  blade  motion  increases. 

Design  of  the  elastomeric  portion  of 
the  damper  must  be  such  that  sufficient 
damping  is  available  during  ground 
start-up  and  shut-down,  flight,  and 
autorotation.  Variation  of  damper 
dynamic  characteristics  versus  axial 
motion  (blade  in-plane  motion)  for  a 
typical  damper  are  demonstrated  in 
Figure  Vl. 

The  effect  of  rotor  frequency  on 
the  dynamic  elastic  and  damping  ratio 
for  a  damper  is  shown  in  Figure  VII. 

This  test  was  performed  with  a  con¬ 
stant  axial  motion  imposed  on  the 
damper  at  room  temperature.  As  can 
be  noted,  the  change  in  characteris¬ 
tics  over  the  broad  frequency  range 
shown  is  slight.  For  normal  helicopter 
rotor  speeds  (3  to  7  Hz) ,  the  effect 
is  negligible. 

TEMPERATURE  EFFECTS 

The  specially  compounded  silicone 
type  polymer  used  in  the  damper  ex¬ 
hibits  relatively  minor  changes  in 
dynamic  characteristics  over  a  wide 
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in  the  equivalent  damping  ratio  ((e) 
throughout  the  -65®  to  +200®F.  spectrum 
even  though  a  relatively  1  d-.yo  c-hange 
in  the  elastic  stiffness  is  noted  as 
demonstrated  in  Figure  VIII. 


time  between  overhaul  (T.B.O.)  of  the 
elastomeric  damper  can  be  in  the  range 
of  1500  to  2000  or  more  flight  hour ■ . 
Laboratory  and  flight  tests  have 
verified  this  predicted  life.  The 
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FIGURE  VIII.  TEMPERATURE  EFFECT  ON  DAMPING  RATIO  AND  ELASTIC  STIFFNESS  FOR  A 
TYPICAL  VISCOELASTIC  DAMPER. 


ENVIRONMENTAL  EFFECTS 

The  adverse  effects  of  environ- 
ments  such  as  sand  and  dust,  ozone, 
humidity,  oil,  fungus,  and  sunlight 
are  practically  nonexistent  because  of 
the  following  basic  factors: 

1.  Use  of  a  specially  compounded 
silicone  polymer  minimizes 
chemical  deterioration. 

2.  Metallic  components  are  protected 
against  corrosion  by  suitable 
chemical  treatment. 


fatigue  life  characteristic  of  the 
elastomer  i3  similar  to  nonferrous 
metals  (ex.  aluminum),  that  is, 
there  is  a  finite  life  depending 
on  the  stress-strain  relationship. 

A  modified  form  of  Miner's  Theory  of 
Accumulative  Damage  may  be  used  to 
predict  the  endurance  life  of  the 
elastomer.  Tests  to  date,  indicate 
a  fifth  power  function  to  describe 
the  S-N  curve: 


(13) 


where: 


3.  Potentially  troublesome  boots 
or  seils  are  eliminated. 

4.  There  are  no  sliding  surfaces 
which  may  tend  to  trap  contaminants. 

5.  Lubricants  or  fluids  cannot  leak 
and  effect  performance  degradation. 


N  =  Number  of  cycles  at  E. 

E  ~  Dynamic  strain,  single 
amplitude. 

C  »  Constant  dependent  upon 
size,  shape,  and  frequency 
of  operation. 


ENDURANCE  LIFE 

The  endurance  life  or  predicted 


Tests  are  continuing,  to  verify  the 
S-N  curve.  Failure  of  the  elastomeric 
damper  is  very  gradual  and  not 
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tastrophic.  Figure  IX  demonstrates 

the  rate  cu  stiffness  less  of  a  typical 
elastomeric  damper  throughout  a  1200 
hour  laboratory  tost  under  a  simulated 
i light-motion  spectrum.  No  physical 
deterioration  of  the  damper  was  evi¬ 
dent  after  testing  was  halted  at  1200 
hours.  Low  cycle  fatigue  tests 
(increased  axial  motion  at  reduced 
frequencies)  show  that  long  time  deter¬ 
ioration  is  characterized  by  a  gradual 
loss  of  elastic  and  damping  stiff¬ 
nesses  while  the  damping  ratio  remains 
relatively  constant.  Some  "checking11 
or  cracking  of  the  elastomer  was  also 
experienced  during  the  low  cycle  fatigue 
tests. 

Since  the  elastomeric  material 
is  highly  damped,  the  hysteresis  effect 
develops  an  internal  heating.  Pre¬ 
mature  deterioration  of  the  elastomer 
can  occur  if  the  frequency  and/or 
motion  are  too  high.  The  energy  dissi¬ 
pated  per  volume  of  elastomer  is  pro¬ 
portional  to  the  internal  heating 
(thus  temperature)  according  to  the 
following: 

P/V  =  h  (f)  (E)2  K"  tO  T  eq.  (14) 


where 

p/v  «  Power  or  energy  in  watts 
per  unit  volume. 

f  =  Operating  frequency 

E  =  Strain  in  shear,  single 
amplitude  due  to  axial 
motion. 

K"  -  Damping  spring  rate  (stiff- 
ness)  of  damper. 

h  «  Constant  depending  on  shape, 
size. 

T  =  Internal  temperature  due  to 
hysteresis  heating. 

Excessive  internal  heating  can  lead 
to  premature  deterioration.  The 
type  deterioration  of  the  elastomer 
due  to  accelerated  testing  is  not 
representative  of  the  type  of  de¬ 
gradation  expected  under  normal 
simulated  flignt  conditions  of  rctor 
speed  and  ration  —  for  this  reason 
accelerated,  tests  are  not  valid. 
Design  of  the  damper  must  be  such 


FIGURE  IX.  RATE  OF  STIFFNESS  LOSS  OF  A  TYPICAL  ELASTOMERIC  DAMPER  THROUGHOUT  A 
1200  HOUR  ENDURANCE  TEST. 
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that  tha  "Wfjy  <sia»ip«tpd  per  unit 
volume  of  elastomer  during  normal  opera¬ 
tion  doe*  not  lead  to  early  degradation. 

FLIGHT  TEST  RESULTS 

In  cooperation  with  a  helicopter 
manufacturer,  prototype  elastomeric 
dampers  were  designed  and  manu¬ 
factured.  These  were,  in  accordance 
with  specifications,  to  be  whirl  tower 
and  flight  tested  as  a  potential  re¬ 
placement  lor  a  viscous  damper.  Initial 
testing  of  the  dampers  verified  the 
concept  that  viscoelastic  dampers 
could  replace  the  conventional  hydraul¬ 
ic  dampers.  The  dampers  were  matched 
in  sets  (for  a  rotor  system)  to  a 
+  5%  tolerance  or.  the  dynamic  clastic 
Tk')  stiffness  for  the  normal  flight 
condition.  The  matching  was  performed 
tc  minimize  the  variation  in  the  dynam¬ 
ic  damper  forces  between  blades.  As 
of  this  writi:,g,  flight  testing  is 
continuing  and  the  results  appear 
very  encouraging. 


SUMMARY 

The  elastomeric  damper  concept 
and  its  advantages  ha"e  been  des¬ 
cribed  and  its  characteristics 
identified-.  The  most  attractive 
feature  of  the  damper  is  the  elimina¬ 
tion  of  maintenance  and  ’ ts  improved 
reliability  through  simplicity  of 
design  principles.  Reduced  operating 
cost  and  aircraft  downtime  can  be 
foreseen. 
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EFFECT  OF  HIGH  POLYMER  ADDITIVES  ON  DfE FUSER  FLOW  NOISE 
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An  exploratory  investigation  was  conducted  to  detennine  the  effects  of 
dilute  concentrations  of  high  molecular  weight  polymers  in  water  on 
liquid  flow  noise.  Experimental  measurements  were  mads  in  a  two- 
dimensional  variable-angle  diffuser  with  water  and  aqueous  solutions 
of  the  polymers.  Polyethylene  Oxide  and  Guar  Gum  for  different  flow 
conditions.  In  the  region  of  marginal  separation,  reductions  in 
overall  sound  pressure  level  up  to  10  decibels  were  obtained. 

The  investigation  required  the  design  and  development  of  a  bench-type 
blow -down  water  tunnel  system  and  the  instrumentation  necessary 
fcr  acquiring  flow  data.  Test  results  show  noise  and  energy  level 
comparisons  between  polymer  solutions  and  water  for  various  flow 
rates  and  diffuser  wall  angles. 


INTRODUCTION 


Considerable  effort,  particularly  by  the  Navy, 
has  been  directed  toward  the  study  of  the  remarkable 
drag  reducing  effects  of  certain  high  molecular  weight 
polymer  additives  in  the  flow  of  water  over  surfaces. 
The  question  of  what  effects  such  polymers  would 
have  on  flow  noise  evolved  as  a  result  of  the  above 
observation.  The  value  of  being  able  to  reduce  or 
control  flow  noise  is  quite  apparent. 

Very  small  concentrations  of  many  natural 
and  synthetic  high-polymer  substances  have  t'.ie 
property  of  reducing  the  turbulent  friction  drag  of 
the  llqu  which  they  are  suspended  or  dissolved. 
Toms  (l,  „rparentiy  was  the  first  to  report  this 
remarkable  phenomenon.  Hoyt  and  Fabula  [2]  showed 
a  drag  reduction  in  turbulent  pipe  flow  by  as  much  as 
70  percent.  Other  investigators  (31  have  reported 
similar  results.  To  date,  the  theory  or  mechanism 
of  this  anomalous  behavior  has  not  been  fully 
established. 

This  investigation,  which  is  of  an  exploratory 
nature,  was  undertaken  with  the  main  objective 
of  obtaining  experimental  values  on  the  effect 
of  high-polymer  additive;:  or.  flow  noise.  Measure¬ 
ments  were  made  of  water  flow,  with  and  without 
polymer  additives,  in  a  two-i  imensior.xl  variable- 
angle  diffuser.  This  apprnaci  provides  means 
for  obtaining  different  flow  regimes  and  t  method 


of  determining  the  effect,  if  any.  of  additives  on 
flow  noise.  Such  measurements  might  fun  Jsh 
information  which  would  establish  the  mechanism 
or  theory  for  the  effect  of  high-polymers  on  fluid 
friction. 

EXPERIMENTAL  APPARATUS  AND 
INSTRUMENTATION 

A  bench-type  blow-down  water  tannel  system 
was  designed  and  developed  for  this  investigation. 
Till  s  system  provides  a  suitable  method  for  testing 
with  polymer  additives  which  degrade  under  shear 
flow  conditions. 

The  system  includes  a  storage  tank  in  which 
the  polymer  additive  is  mixed  with  water,  a  plenum 
chamber  at  inlet  to  water  tunnel  with  honeycomb  and 
screens  for  the  purpose  of  reducing  inlet  flow  noise 
and  turbulence,  a  variable-angle,  two-dimensional 
diffuser  test  section  and  an  exit  flow  region  with 
straightening  vanes.  A  float  tank  cootr^!  acts  on  a 
compressed  air  supply  to  maintain  a  constant 
pressure  head  at  inlet  to  the  plenum  chamber.  Tide 
control  provides  a  constant  flow  rate  through  the 
test  channel  during  a  test  run  and  could  be  used  for 
different  flow  rates  by  a  vertical  adjustment  of  the 
float  tank  position. 

Details  of  the  variable-angle  diffuser  test 
section  are  shown  schematically  in  Fig.  I,  As 
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illustrated  in  View  A-A  of  Pig,  l,  the  upper  and 
lower  walls  which  were  made  of  clear  acrylic  were 
used  to  hold  the  adjustable  side  walls  in  place  and 
to  allow  visualization  of  the  flow;  provision  was 
made  for  dye  injection.  Hard  rubber,  stiffened  by 
an  aluminum  block,  was  used  for  each  adjustable 
side  wall;  rubber  provided  flexibility  in  adjusting 
the  side  walls  and  helped  seal  the  enclosed  channel. 
For  static  pressure  tap  measurements  an  aluminum 
island  •'trip  was  arranged  flush  with  the  inner  rubber 
wall  surface.  As  shown  in  View  A-A  of  Fig.  I,  the 
distance  between  the  upper  and  lower  walls  was 
2  inches  and  the  straight  length  of  each  diffuser  wall 
was  8  inches.  For  alt  tests  ran  in  this  investigation, 
the  throat  width  was  set  at  0.50  inch. 

A  hydrophone  was  mounted  on  the  left  wail  mid¬ 
way  between  the  upper  and  lower  surfaces  of  the 
diffuser  test  section  at  a  distance  of  4  5/6  inches 
from  the  throat  section.  A  Massa  M-213  microphone 
with  a  1/8  inch  diameter  face  was  converted  to  a 
hydrophone  by  placing  a  latex  boot  over  Its  casing. 
Vaseline  was  used  to  couple  the  microphone  boot  with 
the  microphone  face.  This  coupling  provided  a  very 
low  acoustic  transmission  loss  since  the  specific 
impedance  of  the  latex  boot  and  vaseline  used  in  the 
tests  were  approximate'”  equal  to  that  of  water,  A 
latex  sleeve  was  placed  on  the  microphone  to  isolate 
It  from  possible  wall  vibration.  In  order  to  maintain 
a  constant  check  on  wall  vibration,  a  dummy  micro¬ 
phone  was  mounted  to  the  wail  oi  Hie  aluminum 
stiffener  and  the  signals  were  observed  on  an 
oscilloscope. 

Figure  2  is  a  schematic  of  some  of  the  instru¬ 
ments  used  in  measuring  diffuser  flow  noise.  The 
hydrophone  signals  at  the  diffuser  side  wall  were 
used  to  measure  the  overall  sound  pressure  level. 

The  signals  were  first  recorded  on  tape  and  then 
analyzed  by  means  of  the  sonic  analyzer.  The 
entire  flow  noise  measuring  system  shown  In  Fig.  2, 
with  the  exception  of  the  tape  recorder  and  sonic 
analyzer,  was  calibrated  with  a  small  electrodynamic 
shaker  using  the  method  ’ 'Vibrating  Column  of 
Liquid”  described  by  Schloes  and  Strasberg  [4],  The 
tape  recorder  and  sonic  analyzer  were  calibrates  in 
accordance  with  the  manufacturers  instructions. 

POLYMER  ADDITIVES 

Tests  were  nr  de  with  the  high-molecular 
weight  polymers,  Po'yox  (Polyethylene  Oxide, 
WSR-001  by  Unior.  Carbide)  and  Guar  Gum  (J-2FP 
by  Westco-Researcb) .  The  primary  consideration 
in  mixing  polymers  ie  to  obtain  a  homogenous 
medium  with  a  minimum  of  shear  degradation. 

There  are  several  methods  of  mixing  polymers. 

The  method  used  in  this  investigation  was  to  pre- 
disperse  first  the  powder  form  of  polymer  In 
ethanol;  then  this  mixture  was  mixed  with  4  percent 
of  the  total  volume  of  tap  under  used  in  the  test  runs 
by  means  of  a  slowly  revolving  cylinder.  After 
mixing,  the  concentrated  solution  was  stored  for  a 
period  from  one  to  two  days  to  allow  for  complete 
hyovatlon.  The  concentrated  solution  was  subse¬ 
quently  mixed  with  tap  water  in  the  storage  tank;  In 
the  storage  tank  the  mixture  was  stirred  slowly  by 
hand  until  a  uniform  solution  was  obtained. 


Tests  with  a  capillary  tube  viscometer  showed 
no  significant  diffei  ence  in  viscosity  for  solutions 
stored  for  one  dnv  and  for  solutions  stored  for  two 
days,  Alsc,  flow  noise  runs  were  not  significantly 
affected  by  storage  periods  up  to  two  days.  The  pH 
readings  which  were  taken  periodically  of  samples 
from  actual  tap  water  runs,  were  found  to  remain 
reasonably  constant.  Vhe  pH  readings  ranged  from 
7.2  to  8.0. 

EXPERIMENTAL  PROCEDURES  AND  RESULTS 

All  test  runs  made  in  this  investigation  were 
under  steady  flov  ;  .'■editions  and  at  the  tempera¬ 
ture  of  tap  water  (68  *  2  degrees  Fahrenheit). 
Diffuser  flow  instability  was  found  when  the  side 
walls  were  arranged  symmetrically,  whereas  the 
flow  was  observed  to  be  stable  when  one  side  wall 
was  fixed  parallel  to  the  stream  line  at  the  diffuser 
throat.  As  illustrated  in  Fig.  1,  all  test  runs  were 
made  in  the  stable  configuration  with  the  left  side 
wall  fixed  and  the  right  side  wall  adjusted  for 
different  angles  of  diffusion.  In  addition  to  tap 
water,  tests  were  made  with  Pclyox  in  concentra¬ 
tions  ranging  from  1/2  to  8  ppm  and  Guar  Gum  in 
concentrations  ranging  from  25  to  400  ppm. 

Diffuser  wall  angles  D,  varying  from  0  to  25 
degrees  were  employed  In  the  experiments.  The 
wall  angles  were  set  within  a  tolerance  of  5  minutes. 
Average  throat  velocities  U,  ranged  from  7  to  15  feet 
per  second. 

To  demonstrate  the  consistency  of  the  water 
tunnel  results  with  other  works,  the  ratio  of  the 
rms  pressure  fluctuations  to  the  dynamic  pressure 
(based  on  the  average  throat  velocity)  was  deter¬ 
mined  for  the  parallel  wall  configuration.  This 
ratio  was  found  to  be  .006  which  is  in  fair  agree¬ 
ment  with  the  results  of  other  investigators  who  have 
used  both  water  and  air  flow  media.  (5),  16],  and{7]. 

Figure  3  shows  dimensionless  plots  of  the 
power  spectral  density  as  a  function  of  the  Strouhal 
number  by  various  investigators.  The  plots  of 
Harrison  and  Franz  were  obtained  from  a  review 
report  by  Richards,  Bull  and  WtUle  (8],  Harricon 
made  his  arrangements  in  a  subsonic  wind  tunnel 
and  Franz  made  his  measurements  on  the  submarine 
U.  S.  S.  Alba co re.  In  Fig.  9  d/6*  la  the  ratio  of  the 
microphone  face  diameter  to  the  boundary  layer 
displacement  thickness  and  e/L  is  the  ratio  of  the 
distance  of  Hie  hydrophone  from  the  bow  of  the  sub¬ 
marine  to  its  total  length  (260  feet). 

Data  obtained  from  the  parallel  wall  configura¬ 
tion  with  water  as  the  flow  medium  were  used  to 
compute  the  dimensionless  power  spectrum  shown 
in  Fig.  9  which  shows  that  the  results  of  the  present 
investigation  are  in  good  agreement  with  the 
measurements  obtained  by  Franz  at  a  location  3  feet 
from  the  bow  of  the  submarine  where  i/L  -  0.015 
and  5*  -  0.079  inch.  Measurements  obtained  at  a 
location  of  45.6  feet  from  the  bow  where  lift  *0.228 
and  6*  =  0. 55  inch  compares  favorably  with  the 
results  of  Harrison.  In  the  present  investigation 
the  boundary  layer  displacement  thickness  was 
approximately  6.01  inch. 
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l)ii fusel-  liiui  isiiise  vas  measured  In  terms  of 
the  ••vernil  sound  pressure  level  SI* I-  defined  hv 
the  i-elaiioe 

SIM  2d  "let;  .  I’M'  (11 
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where  P  is  root  n  .  an  square  sound  pressu  .•>,  and 
P0  is  a  reference  sound  pressure  of  1  dyne  pel- 
square  centimeter. 

I'or  all  noise  measurements  obtained  in  this 
investigation  the  SIM.  at  -zero  throat  velocity  was 
19  deeibets. 

figure  i  shows  a  pin*  of  itte  overall  sound 
pressure  level  SIM",  as  a  junction  of  t V  average 
throat  velocity  If  for  different  concentrations  of  Guar 
Gum  in  water  and  diffuser  wall  angle  0  of  10  degrees. 
Figure  4  shows  that  tau  water,  over  a  range  of 
velocities,  had  the  highest  SIM,.  A  concentration  of 
2flo  ppm  Guar  Gum  had  the  lowest  SPL  over  a  range 
of  velocities. 

Figure  3  shows  a  plot  of  SPL  versus  velocity 
for  Polyox  for  a  diffuser  wall  D  of  10  degrees.  The 
SPL  for  concentrations  of  1/2  and  l  ppm  show  that 
water,  over  a  range  of  velocities,  had  a  higher  SPL 
than  the  Polyox  mixture,  rhe  curves  for  concentra¬ 
tions  of  2  ppm  and  4  pptn  Polyax  show  values  above 
that  far  water  at  the  lower  velocities  and  below  that 
for  water  at  the  higher  velocities. 

A  review  of  all  data  showed  that,  for  the 
diffuser  wall  angle  of  10  degrees,  the  lower  con¬ 
centrations  of  l  i>pm  Polyox  and  200  ppm  Guar  Gum 
gave  the  greatest  reduction  of  flow  noise  below  that 
of  tap  water:  this  is  illustrated  in  Figs.  4  sad  3. 

A  survey  of  all  the  significant  data  (plotted  on 
semilog  paper)  showed  that,  within  the  limits  of  data 
scatter,  the  functional  relation  between  SPL  and  U 
could  be  described  by  a  logarithmic  function  of  the 
form  given  by  the  equation 

SPL  =  S  log  F/L’o  (2) 

where  S  is  a  parameter  which  is  dependent  upon  the 
diffuser  and  the  solution  used  for  the  flow  medium, 
but  independent  of  the  velocity.  UQ  is  a  reference 
velocity  corresponding  to  the  reference  pressure  of 
1  dyne  per  square  centimeter  used  in  obtaining  the 
overall  sound  pressure  levels. 

For  specific  cases,  Eq.  (2)  may  lie  written  as 
follows: 

SPLC  =  SQ  log  U/U0  (3) 

and  ,,  , 

SPLjj  =  SD  log  U/Uo  (4) 

Figure  6  illustrates  two  curves;  curve  AB 
representing  Eq.  (3)  and  curve  AC  representing 
Eq.  (4).  Consider  the  curve  A  B  with  the  factor  Sq 
corresponding  to  the  flow  of  tap  water  only  between 
parallel  side  walls.  Consider  the  curve  AC  with  the 


factor  Sn  for  fluid  and  wall  conditions  different  from 
that  for  S0.  Let  SPI*,  represent  ihe  SPL  for  cum 
AB  corresponding  to  S0  and  let  SPLq  represent  the 
SPL  for  the  curve  AC  corresponding  to  Sq.  A 
relationship  which  is  independent  ot  Veloctty  ia  ob¬ 
tained  by  dlvtdtng  Eq.  (4)  by  Eq.  (3). 

N  =  SPLd/SPLo  =  Sd/So  (5) 

Let  N  represent  this  ratio  of  sound  pressure  levels. 
This  parameter  N  is  a  dimensionless  ratio  which 
can  lie  used  to  organize  data;  in  this  case  the  SPL 
for  diffuser  flow  using  various  concentrations  of 
polymer  additives  is  compared  with  the  sPL  for  tap 
water  flow  noise  with  parallel  walls. 

Figure  7  shows  a  plot  of  N  versus  wall  angle 
for  tap  water.  Polyox  and  Guar  Gum.  The  SPL  for 
tap  water  with  parallel  walls  was  taken  aa  a  ref¬ 
erence  SPL.  For  parallel  walla.  Fig.  7  shows  that 
both  Guar  Gum  and  Polyox  had  noise  levels  some¬ 
what  higher  than  that  of  tap  water.  Observations 
(using  dye  Injection  at  different  pressure  tap  loca¬ 
tions)  over  a  range  of  throat  velocities  and  diffuser 
wall  angles  indicated  three  general  flow  regimes. 
Table  1  lists  the  results.  The  flow  is  defined  as 
separated  when  it  no  longer  adheres  to  the  surface 
adjacent  to  the  flow  Held.  In  one  regime,  for  wait 
angles  D,  from  0  to  6  degrees,  there  was  no 
evidence  of  separation.  In  another  regime,  for 
wall  angles  at  14  degrees  and  higher,  the  regime 
was  definitely  separated  flow.  In  a  third  regime, 
for  wall  angles  between  6  and  14  degrees,  separa¬ 
tion  was  considered  "marginal''  in  this  regime  the 
fluid  hovered  between  incipient  and  definite 
separation. 

As  illustrated  in  Fig.  7  in  the  region  of  no 
separation,  the  SPL  for  Polyox  and  Guar  Gum  was 
slightly  above  that  for  tap  water,  hi  the  region  of 
definite  separation,  the  curves  show  that  Polyax 
and  Guar  Gum  give  SPL  values  essentially  the 
same  as  that  of  tap  water.  Polyox  and  Guar  Gum 
give  significant  redactions  in  SPL  below  that  of  tap 
water  In  the  region  of  marginal  separation, 

FREQUENCY  CHARACTERISTICS 

Traces  from  the  sonic  analyzer  were  reduced 
to  give  power  spectral  density  PSD  as  a  function  of 
frequency.  Figure  8  shows  plots  of  PSD  for  tap 
water.  Polyox  and  Guar  Gum  with  a  wall  ogle  of 
10  degrees  and  throat  veloctty  of  15.6  feet  per 
second.  The  polymer  additives  reduced  the  PSD 
significantly  below  that  of  tap  water.  Significant 
values  of  PSD  are  in  the  low  frequency  range  below 
200  cycles  per  second.  Figure  8  shows  a  trend  in 
which  the  greatest  reduction  in  PSD  is  in  the  lower 
frequencies. 

CONCLUDING  REMARKS 

In  this  exploratory  investigation  various 
measurements  and  observations  were  made.  The 
salient  points  are  listed  below. 

1.  The  SPL  of  the  flow  noise  through  the 
diffuser  channel  was  found  to  be 
approximately  related  to  the  throat 
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velocity  by  a  logarithmic  relation  of  the 
form 

SPL  =  S  tog10  U/U0 

where _8  la  a  function  of  the  diffuser  wall 
angle  and  eolation  type;  U„  is  a  reference 
velocity. 

2.  The  SPL  for  a  constant  throat  velocity 
decreased  as  the  diffuser  wait  angle 
Increased  from  0  degrees,  to  approxi¬ 
mately  6  degrees,  this  is  the  region  in 
which  flow  was  not  separated.  As  the  wall 
angle  Increased  from  6  to  14  degrees 
(marginally  separated  region)  separation 
increased  from  an  inc'pent  to  a  fully 
separated  condition.  Beyond  an  angle  of 
14  degrees  the  flow  was  folly  separated. 

3.  In  the  region  of  marginal  separation  the 
dilute  solutions  of  polyox  and  Guar  Gum 
reduced  flow  noise  below  that  of  tap  water; 
reductions  of  up  to  100  decibels  were 
obtained,  the  results  showed  that  the 
effectiveness  of  the  polymer  additives  in 
reducing  the  SPL  Increased  with  velocity. 

In  the  fully  separated  region  there  was 
essentially  no  difference  between  the  SPL 
using  water  and  the  SPL  using  polymer 
solutions,  the  acoustic  energy  was 
primarily  in  the  low  frequency  range  below 
200  cycles  per  second. 

4.  The  characteristic  "knee"  found  on  the 
curves  of  dimensionless  power  spectral 
density  plots  occurring  at  a  Strouhal 
number  of  approximately  unity  does  not 
appear  to  develop  when  the  boundary  layer 
thickness  is  small. 

K  would  be  desirable  to  obtain  measure¬ 
ments  of  the  velocity  distribution  of  water  and 
polymer  solution  in  the  marginally  separated 
region  where  the  greatest  noise  reduction  is 
obtained.  This  information  would  be  helpful 
In  interpreting  the  results.  The  region  of 
marginal  separation,  however,  is  very  sensitive 
to  disturbances  and  is  unstable,  hi  this  region 
probes  or  projections  in  the  stream  had  a 
marked  effect  on  the  flow.  Thus  it  was  con¬ 
sidered  wise  to  avoid  inserting  any  probe  in 
the  diffuser  flow. 
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NOMENCLATURE 

Symbol 

d  microphone  face  diameter 

D  wall  angle,  degrees 

f  frequency 

k  spring  constant 

i  distance 
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L  total  length  of  the  submarine  L'.S.S. 

Albacore 

LAV  left  side  wall 

N  overall  sound  pressure  level  ratio, 

SPLj/SPLq 

P  root  mean  square  pressure  fluctuation 

PQ  reference  pressure 

Polyox  Polyethylene  Oxide 

ppm  weight  parts  per  million 

PSD  power  spectral  density 

rms  root  mean  square 

n\V  right  side  wall 

S  parameter  associated  with  SPL 

SD  parameter  associated  with  SPL^ 

Sq  parameter  associated  with  SPLq 

SPL  overall  sound  pressure  level 

SPLn  overall  sound  pressure  level  correspond- 

D  ing  to  fluid  and  wall  configuration  other 
than  SPLq 

SPLn  overall  sound  pressure  level  correspond- 
°  Ing  to  water  and  parallel  wall 
configuration 

U  average  throat  velocity 

U  reference  velocity 

o 

free  stream  velocity 

w  throat  width 

boundary  layer  displacement 
thickness 

p  density 


Fig.  1.  Diffuser  Test  Channel 


DIFFUSER  TEST  SECT**?: 


la)  Mist.  M  Z13  Microphone 

lb)  M-sw  M  1  148  PrmwpMwf 
Id  M^s»MiaSArnpM» 

Ml  Hewlett  Packers  4«5A  AmpMro 
Id  Hewlett  Pcdunt  340QA  True  RMS  VoftneMe 
III  Tektronix  502A  Dud  Bum  OtCfPtncope 

1)1  Honeywell  *100  TjpeReawUw 
IM  Proorronc  Some  Anetym  LP-’e 

<.)  MMt**C141SM«rocSoo* 

III  General  Ruho  1561 A  Sound  terol  Meter 


Fig.  2.  Flow  Noise  Measuring 
Equipment  Schematic 
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Fig.  3.  Po'ver  Spectral  Density 
vs  Stroohal  Number 


Fig.  4.  Oeralt  Sound  Pressure  Level 
vs  Velocity,  Cuar  Gum,  D=10  Deg. 


Fig.  5.  Overall  Sound  Pressure  level 
vs  Velocity,  Polyox.  I>=10  Deg. 


Fig.  6.  Overall  Sound  Pressure  Level 
vs  Velocity 


Figure  7.  Ratio,  N  vs  Included  Wall  Angle 


Fig.  S.  Power  Spectral  Density 
I>10  Deg.,  U-15.6  Ft/Sec 


TABLE'  i 

Observations  of  Water  Flow  Separation 


D 

Oeg. 

U 

Ft/Sec 

Left  Side  Wall 

Right  Side  Wall 

1 

2 

3 

4 

5 

n 

KX 

3 

4 

5 

0 

12.8 

N 

N 

N 

N 

N 

N 

N 

N 

N 

N 

2.5 

13.0 

N 

N 

N 

N 

N 

N 

N 

N 

N 

N 

5.0 

13.1 

N 

N 

N 

N 

N 

N 

N 

N 

N 

N 

8.0 

13.4 

N 

N 

N 

N 

N 

N 

N 

N 

M 

M 

12.8 

N 

N 

N 

M 

M 

M 

M 

M 

S 

S 

12.5 

12.5 

N 

N 

M 

M 

M 

M 

M 

S 

s 

S 

15.0 

11.9 

N 

N 

M 

M 

M 

M 

S 

S 

s 

s 

20.0 

11.5 

N 

N 

M 

S 

S 

S 

' 

S 

s 

s 

s 

M  Marginal  Separation 

N  No  Separation 

S  Separation 


Column  numbers  refer  to  dye  injection  tap  locations, 
(same  as  pressure  tap  locations  shown  in  Fig.  1) 


HAWK  SUSPENSION  SYSTEM  PERFORMANCE 
ON  M754  TRACKED  VEHICLE 


Paul  V.  Roberts 
Raytheon  Company 
Missile  Systems  Division 
Bedford,  Massachusetts 


The  rubber  isolator,  hydraulic  damper,  HAWK  launcher  suspension, 
protects  existing  HAWK  missiles  from  severe  tracked  vehicle  vibration 
and  shock  over  rough  terrain.  The  isolators  are  canted  25  degrees  in 
the  pitch* vertical  plane  to  decouple  vertical,  longitudinal,  pitch  modes 
and  reduce  longitudinal  and  pitch  motion. 

The  suspension  system  was  particularly  effective  in  attenuating  a  broad 
band  of  severe  tracked  vehicle  vibration  to  within  ±  lg  on  the  missiles. 
Short  period  shock  of  5  ms  to  10  m»  duration  on  the  vehicle  front  sproc¬ 
ket  and  read  idler  were  attenuated  from  peaks  up  to  30g  on  the  vehicle 
to  7g  on  the  missiles.  Equivalent  static  combined  load  criteria  of  7.  5g 
down,  1.  5g  up  ±4.  5g  fore  and  aft  and  ±3g  transverse  were  substantiated 
by  statistical  studies  of  shock  data  obtained  over  the  Perryman  3  Cross 
Country  Course  at  Aberdeen  Proving  Grounds. 


INTRODUCTION 

The  M754  tracked  vehicle,  which  is  a  modi, 
fication  of  the  Food  Machinery  Corp.  Ml  13  class 
vehicle,  was  specially  adapted  by  the  Raytheon 
Company,  Missile  Systems  Division,  to  carry 
the  HAWK  launcher  and  three  missiles.  The 
system  is  known  as  Self-Propelled  HAWK.  SPH. 

The  launcher  with  missiles  was  initially 
designed  for  slewing  and  tracking  as  compared 
to  transportation  loads  and  the  missiles  were 
principally  designed  for  flight  loads.  A  sus¬ 
pension  system  which  provided  adequate  protec  - 
tion  from  severe  tracked  vehicle  vibration  and 
ground  shock  over  rough  terrain  was  consid¬ 
ered  essential. 

The  tracked  vehicle  vibration  and  shock 
environment,  initially  established  from  back¬ 
ground  reports  and  early  tests,  has  beer,  well 
substantiated  by  acceleration  measurements, 
between  Z  and  <2000  Hz,  on  at  least  eight  vehi¬ 
cles.  Natural  frequency,  mode  shape  and 
response  analyses  to  optimize  isolation  of  the 
vibration  and  shock  environments  are  described 
under  Suspension  System  Analyses. 

Instrumented  engineering  and  qualification 
tests  were  conducted  over  special  concrete 
bump  courses  and  paved  roads  at  Raytheon 
Bedford,  tank  trails  and  hilly  cross  country 
terrain  at  Fort  Devens,  Massachusetts,  rough 
desert  terrain  at  White  Sands  New  Mexico  and 


appropriate  courses  at  Aberdeen  Proving 
Ground  such  as  Munson  shock  and  vibration, 
Perryman  3  cross  country  and  Churchville 
hills. 

Launcher  missile  simultaneous  shock 
response  in  principal  directions  over  specific 
large  bumps  was  studied  in  detail  to  establish 
combined  and  unidirectional  static  limit  load 
criteria  for  hardware  design.  Statistic  7l  stu¬ 
dies  were  made  of  shock  data  ov-r  the  3.  3 
mile  Perryman  3  qualification  course  at  Aber¬ 
deen  Proving  Ground  (APG)  to  determine  prob¬ 
ability  and  number  of  times  various  load  levels 
may  be  reached. 

VIBRATION  SHOCK  AND  LOADS 
ENVIRONMENT 

Input  vibration  and  shock  from  the  M754 
vehicle  to  the  suspended  launcher  missile 
assembly,  as  well  au  launcher  missile  dejign 
loads,  have  been  established  froir  measure¬ 
ments  on  at  least  eight  SPH  vehicle  systems 
over  a  wide  variety  of  terrain. 

Vibration 

Vehicle  vibration  is  due  primarily  to  track 
laying  impulses  which  are  most  severe  when 
travelling  at  higher  speeds  on  hard  pavement. 
Fundamental  track  laying  impulses  for  the 
M764  vehicle  occur  at  a  frequency  Fy  given  by: 
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where  S  is  the  vehicle  velocity  m  feet  per 
second  o.i*l  0,5  i s  tlie  pilch  length  of  *he  M754 
track  links.  The  fundamental  fi  .quency  Fy  at 
various  speeds  is  thetefore: 


Speed 

F  req . 

ilH £i_ 

(Hz 

5 

10 

10 

20 

i  5 

30 

20 

40 

30 

60 

40 

30 

Since  vehicle  speeds  on  hard  pavement  are 
generally  above  10  fps,  corresponding  to  6.8 
mph,  the  suspension  system  should  be  designed 
»o  isolate  vibration  above  20  Hz  and  be  very 
effective  in  attenuating  most  severe  inputs 
befweer  40  and  80  Hz. 

Significant  vehicle  vibration  is  also  due  to 
the  second,  third  and  fourth  harmonics  of  the 
track  laying  frequency:  motor,  drive  system 
and  accessory  forcing  functions  and  drumming 
of  cab  and  body  sheet  metal  panels. 

Environmental  vibration  conditions  used  for 
separately  mounted  vehicle  equipments  are  as 
follows; 

0.06  inch  DA  from  10  to  36  Hz 
±4g  from  36  to  500  Hz 
±7g  from  500  to  2000  Hz 

The  launcher  missile  suspension  system 
isolates  the  above  v.bration  above  about  14  Hz. 
Without  the  suspension  system  resonances  in 
the  distributed  launcher  missile  structure  would 
result  in  missile  vibration  substantially  r.bove 
these  levels. 

Shock 

Most  severe  vehicle  shock  which  must  be 
attenuated  by  the  launcher  missile  suspension, 
is  due  to  rigid  elements  above  the  vehicle  sus* 
pension  such  as  the  front  drive  sprocket  and 
rear  idler,  striking  hard  ground  while  travers¬ 
ing  rough  terrain,  see  Figure  1. 

Shock  levels  up  to  30g  have  been  measured 
above  the  front  sprocket  with  typical  durations 
of  about  5  milliseconds.  Shocks  up  to  25g  have 
been  measured  above  the  rear  idler  with 
typical  durations  of  10  milliseconds. 

Long  period  shock  from  about  0.  1  to  1 
seconds  duration  also  occurs  due  to  basic  motion 
over  tenain  and  excitation  of  vehicle  vertical 
and  pitch  frequencies  of  ahout  1.7  and  1  Hz, 
respectively.  The  following  are  representative 
maximum  levels. 


Vertical  5g  down  -  2g  up 
Longitudinal  ±4g 
Transverse  ±2u 


CN-I-H0 

Fig.  1  -  Photograph  of  SPH 


Design  Loads 

Equivalent  static  limit  loads  which  were 
used  for  newly  designed  SPH  launcher  missile 
attachments  as  well  as  upgrading  of  existing 
launche  -  hardware  are  as  follows: 

Combined  Unidirectional 


Vertical  down 

7-5g 

8g 

Vertical  up 

1.5g 

2g 

Longitudinal 

*4.  5g 

±6g 

Transverse 

*3.  Og 

*4.  5g 

These  loads  are  based  on  combined  and 
unidirectional  launcher  missile  shock  response 
at  sufficiently  long  durations,  generally  between 
40  and  200  ms,  to  approach  static  conditions. 
The  response  levels  are  due  to  a  combination 
of  short  and  longer  duration  vehicle  inputs 
described  in  preceeding  paragraphs. 

SUSPENSION  DESIGN  CRITERIA 

A  vertical  natural  frequency  between  6  and 
8  Hz  is  desired  to  attenuate  the  peak  25g,  10 
ms  half  sine  shock,  due  to  hard  bottomming  of 
the  rear  idler,  to  7g  at  the  missiles. 

The  fore  and  aft  frequency  should  be 
between  3  and  5  Hz  to  limit  longitudinal  accel¬ 
erations  to  about  4.  5g.  The  longitudinal  pitch 
mode  should  be  decoupled  as  much  as  possible 
to  minimize  pitch  motion  and  the  possibility  of 
the  outboard  missile  radomes  hitting  the  top 
of  the  cab. 
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The  transverse  frequency  should  be 
between  3  and  4  Hz  to  limit  transverse  missile 
accelerations  to  about  3.  5g, 

Frequencies  in  six  degreea-of-freedom, 
along  and  about  the  X,  Y,  Z  axes,  with  the 
vehicle  considered  rigid,  should  exceed  3  Hz  in 
order  to  avoid  coupling  with  vehicle  suspension 
frequencies  below  about  1.7  Hz,. 

Natural  frequencies  below  8  Hz  would  pro¬ 
vide  about  4  to  I  attenuation  of  vehicle  vibratory 
inputs  above  30  llz  and  between  13  and  30  to  1 
attenuation  of  most  severe  track  inputs  between 
-10  and  80  Hz. 

Damping  must  be  provided  in  the  suspen¬ 
sion  system  to  prevent  continuous  resonant 
motion  of  the  launcher  and  missiles  at  mount 
natural  frequencies.  A  high  damping  ratio  of 
approximately  C/Cc  =  0,35  proved  satisfactory 
during  initial  tests  of  the  prototype  system. 

The  rubber  isolators  must  have  sufficient 
elastic  travel  at  principal  natural  frequencies 
tc  prevent  bottomming  due  to  peak  shock  inputs. 

In  summary,  the  suspension  system  should 
control  the  six  principal  natural  frequencies  of 
the  launcher  missile  assembly  on  the  rigid 
vehicle  between  3  and  8  Hz,  provide  a  damping 
factor  of  about  C/Cc  -  0.35  ar.o  have  sufficient 
elastic  travel  to  prevent  bottomming., 

DESCRIPTION  C-F  SUSPENSION  SYSTEM 

A  sketch  of  the  suspension  system  is  shown 
in  Figure  3.  Four  Lord  J5130  sandwich  rubber 
mounting  units  were  specially  developed  for  use 
in  the  overall  Raytheon  engineered  suspension 
system  along  with  seven  Delco  hydraulic  shock 
absorbers  for  additional  energy  absorption  and 
damping. 


The  two  forward  and  two  rear  mounts  are 
tilted  35  degrees  to  the  horizontal  in  the  longi- 
iuuinal,  vertical  X  -  Z  plane  to  decouple  arid 
limit  motion  in  the  longitudinal  and  pitch  modes. 
In  addition  to  analyses,  tests  were  conducted 
over  the  Bedford  concrete  bump  course  with  the 
mounts  at  13  degrees,  35  degrees  and  38 
degrees  which  confirmed  better  all  round  per¬ 
formance  at  the  35-degree  angle. 

Consideration  was  also  given  to  tilting  the 
mounts  in  the  lateral  as  well  as  longitudinal 
planes  but  was  not  implemented  due  to  high  out¬ 
board  structural  loads  on  the  tracked  vehicle 
fenders. 

The  eg  dimensions  on  Figure  3  are  with  a 
three  missile  total  load  of  approximately  6400 
lbs.  The  eg  moves  down  about  7  inches  toward 
the  mounting  plane  and  aft  about  1  inch  per  mis¬ 
sile  as  the  load  is  decreased  from  the  full  three 
missiles. 

The  J5130  mounting  units  are  3-inch  thick 
overall,  which  leaves  3.  5-inch  rubber  thickness, 
after  subtracting 0.  5-inch  for  the  top  and  bottom 
0.35-inch  steel  elates.  The  mounting  unit  base 
is  5  1/8  inch  square  and  the  upper  load  face  is 
4.74  inch  square  giving  a  face  area  of  33  in.^. 

Shear  stiffnesses  of  the  front  and  rear 
mounts  are  approximately  1500  lbs/in.  and  1300 
lbs/:n. ,  respectively.  The  L  ratio,  or  ratio  of 
compression  to  shear  stiffness,  is  approximately 
6.  5  to  1  for  all  mounts. 

The  mounting  unit  elastornetric  material  is 
natural  rubber  at  the  rear  and  more  highly 
damped  Lord  Co.  BTR  IV  at  the  front.  The  more 
highly  damped  elastomer  was  used  for  the  front 
mounts  since  space  was  not  available  to  install 
vertical  and  longitudinal  hydraulic  dampers  at 
tne  front  of  the  launcher. 

Seven  Delco  standard  automotive  size  shock 
absorbers  are  used  m  fhe  suspension  system 
which  furnish  additional  energy  absorption  as 
well  as  damping  capacity.  These  shock  absorb¬ 
ers  are  described  as  follows  with  respect  to 
location,  direction  and  damping  force  versus 
velocity. 

Four  1 -inch  diameter  piulon,  lateral 
shock  absorbers  at  the  fou;  mounts  each 
furnish  about  50  lbs/in. /s  damping 
force  at  velocities  up  to  30  in.  /s 

Two  1  3/8  inch  piston,  vertical  longi¬ 
tudinal  shock  absorbers  at  the  rear 
mounts  each  furnish  about  70  lbs/in.  / s 
damping  force  up  to  about  30  in.  / s 
velocities 

One  1  3/4  inch  piston,  vertical  longi¬ 
tudinal  shock  absorber  at  the  rear  of 
the  launcher  furnishes  a  damping  force 
of  200  lbs/in.  /s  up  to  4000  lbs  and 
80  lbs/in. /s  up  to  6100  lbs 
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SUSPENSION  SYSTEM  ANALYSES 

Analyses  were  made  to  determine  the 
natural  frequencies  and  mode  shapes  of  the 
launcher  i  ussile  assembly,  in  six  degrees-of- 
freedom  along  and  about  the  X,  Y,  2  axes, 
considered  as  a  rigid  body  on  the  suspension 
system. 

These  analyses  were  conducted  by  means 
of  a  11  NT  VAC  I  108  computer  using  a  special  pro¬ 
gram  devised  at  Raytheon  which  solves  any 
lumped  parameter  or  distributed  system  for 
transient,  sinusoidal  or  matrix  form  inputs. 

For  dynamics  purposes,  the  program  deter¬ 
mines  undamped  natural  frequencies  and  mode 
shapes  as  well  as  transient  accelerations,  velo¬ 
cities  and  displacements  at  the  eg  and  mounts, 
with  time.. 

The  form  of  the  equations  used  is: 

Mx  -  Cx  t  Kx  =  F 

which  written  out  in  matrix  form  and  neglecting 
damping  becomes: 


The  stiffnesses  K  j,  Kj.  etc,,  are  deter¬ 
mined  from  Lagranges  equations  of  motion  in 
the  six  coordinate  directions  wherein: 


=  T  +  U  = 


(X2  +  Y2 


Z2)  s  j 


2.  ,  kl  2  k2  2 

:>  )  +  T  *1  "X>2  - 


>  2 
"  +  T-  Yn 


where  kj - knare  individual  mount  stiffnes¬ 
ses  and  >  . - >  are  deflections  at  each  mount. 

Fj  becomes  the  overall  stiffness  due  to 
motion  of  Mx  in  the  X  coordinate  in  terms  of  kl 

- kn  and  system  geometry.  Only  21  of  the 

36  stiffnesses  K  need  be  calculated  since  the 
[K]  matrix  is  symmetrical.  The  units  of  K  are 
lbs/in.,  lbs/rad,  in. -lbs/in.  and  in. -lbs/rad. 

The  inputs  F  u(t)  for  these  calculations 
were  half  sine  shock  pulses  as  described  under 
vehicle  environment  in  terms  of  force  at  spe¬ 
cific  time  intervals  through  the  pulse. 

Natural  frequencies  and  mode  shapes 
obtained  from  these  analyses  are  listed  below. 


Mx  0 


Iy  0 


Vertical 

Lateral 

Long-Pitch 

Pitch  Long 

Yaw 

Roll 


F  requency 
(Hz) 


Mode  Location 
_ (eg) _ 


493"  Forward 
179”  Below 
54"  Below 
34"  Above 
3"  Forward 
6"  Above 


k4  k5 


k7  k8  k9  k 
kq  k,,  k„  k 


10  l 


3  8  12  13  14  r'l  5 

K4  K9  K13  K16  K17  K18 

K5  K10  K14  K17  KI9  K20 

K6  Kil  K15  K1S  K20  K21 


r 

!  F  u(t) 


The  masses  Mx  =  My  -  Mz  =  — 

g 

where  VV  is  the  launcher  missile  weight. 

The  inertias  iy,  lz  and  lx  are  the  pitch, 
yaw  and  roll  mass  moments  of  inertia  about 
the  eg.  respectively.. 


Results  of  analyses  to  determine  response 
at  the  launcher  missile  eg  to  half  sine  shock 
inputs  are  as  follows: 


30g  -  5  ms 
25g  -  10  ms 
30g  -  5  ms 
25g  -  10  ms 


Direction 

Vertical 

Vertical 

Longitudinal 

Longitudinal 


Response 


A  twelve  degree -of -freedom  system, 
including  the  six  principal  modes  of  the  launcher 
missile  assembly,  plus  the  corresponding  six 
modes  of  the  vehicle  considered  as  a  rigid  body, 
was  also  analyzed  for  natural  frequencies  and 
shock  response  using  the  UNIVAC  1108  compu¬ 
ter  program. 

A  dynamic  model  of  this  system  showring 
the  twelve  degrees -of-frecdom,  along  and 
about  X,  V,  Z  axes  through  the  launcher  mis¬ 
sile  eg  and  the  vehicle  eg,  is  shown  in  Figure  3. 

Vehicle  suspension  stiffnesses  are  consid¬ 
ered  in  these  analyses  as  well  as  the  launcher 
suspension  and  can  be  varied  from  actual  road 
arm  stiffnesses  to  infinity  for  a  rigid  vehicle 


The  larger  twelve  mode  analytical  approach 
yields  lower  more  accurate  launcher  missile 
shock  response,  especially  for  inputs  at  the 
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Fig.  3  -  Dynamic  Mcccl  Twelve  Degrees-of- 
Freedom  Syatem 

front  of  the  vehicle  which  are  attenuated  con- 
eiderably  at  the  launcher  suspension  system 
due  to  vehicle  pitch. 

Launcher  missile  assembly  natural  fre¬ 
quencies  and  mode  shapes  on  the  suspension 
system,  obtained  from  the  twelve  degree -of - 
freedom  analyses,  are  listed  as  follows.  The 
six  predominantly  vehicle  frequencies  are 


Flexing  of  the  vehicle  occurs  primarily  in  the 
fundamental  vertical  bending  and  torsion  modes. 
Although  vemcie  flexing  occurs  well  above  sus¬ 
pension  frequencies  and  is  generally  relieving 
from  a  launcher  shock  standpoint,  vehicle 
vibratory  motions  could  be  treated  more  accur¬ 
ately  using  the  distributed  approach.  A  further 
refinement  is  considering  the  launcher  missile 
assembly  as  a  distributed  system.  Launcher 
missile  structural  resonances  are  sufficiently 
above  suspension  frequencies,  however,  not 
to  significantly  effect  suspension  system 
performance. 

Test  Correlation 

Experimental  natural  frequency  tests  were 
conducted  with  the  vehicle  blocked  to  provide  a 
rigid  platform  for  the  suspension  system. 

Results  indicated  principal  natural  frequences 
of  the  launcher  missile  assembly  approaching 
the  frequencies  calculated  for  the  twelve  degree- 
of-freedom  vehicle  launcher  system. 

Natural  frequencies  closer  to  the  twelve 
than  the  six  degree -of -freedom  system  were 
primarily  due  to  the  vehicle  not  being  completely 
blocked.  An  increase  in  dynamic  rubber  stiff¬ 
ness  also  occurs  at  the  small  ±0.05  inch  test 
response  amplitudes  as  compared  to  actual 
deflections  up  to  about  1  inch  in  c-nipression 
and  3  inch  in  shear  due  to  peak  shock  inputs. 

The  hydraulic  shock  absorbers  h«d  little 
effect  on  natural  frequency  values.  Magnifica- 


helow  Z  Hr. 

tions  at  resonance  with  and 

without  the  < 

Frequency 

Mode  Location 

are  listed  below  from  tests 

in  principal 

Mode 

(Hz) 

_  (.eg)  _ 

wufia, 

Vertical 

9.Z 

360"  Forward 

No 

With 

Lateral 

4.1 

244"  Above 

Dampe  rs 

Dampers 

I/.ng-Pitch 

5.6 

9?"  Above 

Vertical 

4.7 

3.3 

Pitch- Long. 

4.5 

8.  5"  Below 

Lateral 

6.8 

2.7 

Yaw 

4.4 

0.  9"  Forward 

Longitudinal 

6.0 

4.2 

Roll 

9.5 

5.  8"  Above 

Results  of  analyses  to  determine  response 
at  the  launcher  missile  eg  to  half  sine  inputs 
at  the  front  and  rear  of  the  vehicle  are  as 
follows: 


Input 

Input  Direction 

w 

30g  -  5  ms 

Vertical  Front 

1. 1 

25g  -  10  ms 

Vertical  Resr 

4.9 

20g  -  1C  ms 

Vertical  Rear 

5.8 

30g  -  5  ms 

Longitudinal 

2.3 

25g  -  10  ms 

Longitudinal 

3.9 

20g  -  15  ms 

Longitudinal 

4.6 

The  above  vertical  shock  response  with  the 
twelve  degree-of -freedom  system  is,  as  anti¬ 
cipated,  much  lower  than  with  the  six,  espe¬ 
cially  due  to  inputs  at  the  front  of  the  vehicle. 
Longitudinal  response  is  about  'Jie  same. 

A  further  extension  of  these  analyses  is  to 
consider  the  vehicle  as  a  distributed  mass 
spring  syatem  as  compared  to  a  rigid  body. 


Typical  resonance  curves  measured  at  the 
rear  of  the  center  missile  at  the  longitudinal 
rocking  frequency,  both  with  and  without  damp¬ 
ers  are  shown  in  Figure  4. 

Deflections  of  the  standard  automotive  type 
rubber  end  fittings  used  on  the  shock  absorbers 
have  the  desirable  feature  of  decreasing  trans- 
m'ssion  of  most  severe  higher  frequency  vehicle 
vibration  through  the  dampers.  The  shock 
absoroers  are  ven'  effective  for  their  primary 
design  purpose  of  damping  shock  induced  high 
'elocily  large  displacement  motion  of  the 
uncher  miss  ’e  assembly. 

Rough  Tirrain  Tests 

One  of  the  principal  problems  in  designing 
a  suspension  system  and  iauucher  missile 
support  hardware  lor  a  tracked  vehicle  applica¬ 
tion  is  clearly  establishing  the  severity  of  the 
mooility  conditions  which  tne  s>stem  should 
withstand. 
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Pitch  Mode 

An  ah. tost  infinite  variety  of  rough  terrain 
and  different  size  and  shape  bumps  can  conceiv¬ 
ably  be  encountered  up  to  maximum  vehicle 
speeds.  It  is  evident  that  judgements  must  be 
exercised  m  establishing  mobility  conditions 
which  are  realistic  for  design  purposes  as 
compared  to  accidents. 

In  consideration  of  the  above,  certain 
natural  limitations  become  predominant.  The 
first  of  these  is  driver  safety  and  degree  of 
diseomfo-t.  In  general,  the  comfort  and  safety 
of  the  driver  are  directly  related  to  the  speeds 
and  driving  techniques  used  in  negotiating  rough 
terrain.  Tracked  vehicle  drivers  learn  from 
experience  given  adequate  checkout,  permissible 
speeds  and  best  drtving  techniques  such  as 
braking,  turning  and  accelerating  to  use  in 
negotiating  rough  “errain  and  obstacles  without 
risking  back  os  head  injuries.  Accidents  must 
be  separately  identified  and  minimized  by 
military  vehicle  orocedure  and  personnel  train¬ 
ing. 

A  second  principal  consideration  from  the 
standpoint  of  launcher  missile  attachment  design 
conditions  i3  the  basic  capability  of  the  tracked 
vehicle.  The  suspension  system  and  mounted 
equipment  can  generally  be  considered  struc¬ 
turally  satisfactory  if  they  can  withstand  as 
severe  mobility  conditions  as  the  tracked  vehicle 
which  has  undergone  considerable  testing  and 
operational  military  experience. 

The  above  discussion  relates  principally 
to  design  loads  to  prevent  operational  structural 
failures.  The  important  overall  consideration 
is  that  the  missiles  fire  reliably  from  the 
launcher  after  being  subjected  to  the  total 
vehicle  mobile  environment  including  vibration, 
shock,  etc.,  as  well  as  structural  loads. 


A  special  concrete  bump  course  was 
constructed  at  the  Raytheon  Bedford  laborator¬ 
ies  during  prototype  engineering  and  develop¬ 
ment  to  evaluate  the  SPH  mobility  environment 
over  severe  terrain. 

The  course,  described  below,  was  more 
severe  than  Munson  coursee  at  Aberdeen  Prov¬ 
ing  Grounds  used  for  vibration  and  shock  teats 
of  Army  vehicles  and  represented  engineering 
judgement  of  the  type  conditions  necessary  to 
Drovide  a  rugged  and  trouble  free  SPH  system 
for  the  rough  country  mohiiity  usage  intended. 

The  course  consisted  of: 

1)  Two  6-inch  bumps,  with  peaks 

1 3  faet  apart  and  roughly  sinusoidal 
in  shape  to  simulate  mild  undulat¬ 
ing  terrain. 

2)  Two  14 -inch  sinusoidal  bump*  with 
peaks  1 7  feet  apart  to  simulate 
severe  undulating  terrain.  The 
peak  of  the  first  14-inch  bump  was 
21  feet  from  the  second  6-inch 
peak.  These  bumps  were  found 
very  severe  from  a  vertical  and 
longitudinal  shock  standpoint  due 
to  sprocket  bottomming  on  the  up 
slope  of  the  second  14-inch  bump. 

3)  Four  8-inch  racking  bumps  7  feet 
apart  and  staggered  to  give  racking 
motion.  The  peak  of  the  first 
racking  bump  was  21  feet  from  the 
last  14-inch  bump. 

4)  Four  8 -inch  bumps  with  p»aks  7 
feet  apart  to  simulate  washboard 
type  terrain.  The  peak  of  the  first 
washboard  bump  was  21  fast  from 
the  last  8 -inch  racking  bump. 

These  bumps  are  also  roughly 
sinusoidal  in  shape. 

5)  One  3-foot  sinusoidal  bump  to 
simulate  a  ridge  type  condition. 

The  peak  of  the  3-foot  ridge  was 
about  29  feet  from  the  peak  of  the 
last  8-inch  washboard  bump. 

j)  One  8-inch  by  6-inch  timber 
imbedded  in  hard  surface  with 
approximately  200  -foot  high  speed 
approach. 

7)  Sudden  9 -inch  dropoff  from  hard 
surface  into  hole  found  to  produce 
high  rear  vehicle  shock  due  to  the 
rear  idler  dropping  back  on  the 
step. 

8)  Paved  roads  for  most  severe 
vehicle  vibration. 

Fort  Dcvens  Course 

Engineering  and  development  tests  of  pro¬ 
totype  systems  were  conducted  over  rough 
roads,  tank  trails  and  hilly  rocky  open  terrain 
at  Fort  Devens,  Massachusetts.  A  short  1 6 -mm 
movie  of  tests  at  Fort  Devens  and  the  following 
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Donna  Anna  course  are  included  in  the  verbal 
presentation  to  illustrate  the  severe  conditions 
used  lor  5PH  mobility  tests. 

Donna  Anna  Course 

Qualification  tests  were  conducted  by  the 
Army  Test  and  Evaluation  command,  TECOM, 
over  rough  desert  roads  and  open  terrain  on  the 
Donna  Anna  test  range  near  White  Sands  Prov¬ 
ing  Ground,  New  Mexico.  One  of  the  most 
severe  bumps  used  for  repeated  testing  was  a 
30-inch  deep  wachout  in  the  hard  desert  read  at 
the  bottom  of  a  small  ravine. 

Aberdeen  Proving  Ground 

Army  TECOM  qualification  test',  were  con¬ 
ducted  over  Munson  hard  surface  courses  used 
for  shock  and  vibration,  Churchvilie  Mills  and 
Perryman  cross  country  courses,  at  Aberdeen 
Proving  Grou-'h  Mvryland. 

The  ■Tried'.  MWi  :  of  these  courses  from  a 
shock  In.  a  was  the  Perryman  3  cross 

count,".'  i>. .  -sc.  Approximately  ’600  miles  of 
continuous  24  hours  per  day  testing  was  required 
over  this  course  using  drivers  in  relays  at 
typical  to  severe  driving  conditions.  Speeds 
over  larger  bumps  ir  this  course,  located  about 
every  100  feet,  are  generally  less  than  10 
mph  increasing  up  to  about  15  mph  over  smoother 
sections. 

The  Perryman  3  course  (see  Reference  1) 
varies  somewhat  with  the  season,  weather  and 
usage.  Typical  profiles  of  larger  bumps  sur¬ 
veyed  during  SPH  tests  are  shown  in  Figure  5. 


Fig.  5  -  Typical  Profiles  of  Larger  Bumps 
on  APG  Perryman  3  Course 


Vibration  ineaaurcn.vr,io  over  the  vericus 
courses  previously  described,  at  frequencies 
up  to  2  kHt,  show  extremely  effective  isolation 
of  vehicle  vibration  from  the  missiles  and 
launcher. 

Results  were  compatible  with  design 
analyses  based  on  the  predicted  vehicle  vibra¬ 
tion  environment  and  suspension  system  design 
criteria.  Missile  peak  vibration  was  below  ±lg 
at  all  frequencies  up  to  2  kHs  whereas  vehicle 
steady  vibration  frequently  reached  ±7g  with 
peaks  over  ±20g. 

Peak  vibration  measured  on  the  launcher 
missile  assembly  and  vehicle  are  shown  in 
Figure  6.  Peak  vibration  plotted  is  defined 
as  the  average  of  about  five  consecutive  peak 
cycles  which  occurred  repeatedly  throughout 
test  runs. 
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Fig.  6  -  SPH  Vibration  Summary 


The  high  degree  of  attenuation  accomplished 
by  the  SPL  suspension  system  is  shown  graph¬ 
ically  in  Figure  7,  which  is  a  reproduction  of 
steady  vibration  oscillograph  data  over  a  gravel 
road  at  30  mph.  The  contrast  is  self-evident 
between  the  uppr  r  nine  quiet  traces  on  the 
launcher  and  missiles  and  the  lower  six  high  g 
broad  frequency  band  traces  on  the  .ehicle. 

Electronic  vibration  data  reduction  conduc¬ 
ted  by  Aberdeen  Proving  Ground  Development 
and  Proof  Services,  see  Reference  2,  agree 
favorably  with  the  results  reported  above.  The 
maximum  vibratory  acceleration  measured  at 
the  center  of  gravity  of  the  missiles  during 
paved  road  operation  was  leos  than  Sg  crest  and 
0.  2g  rrai.  Attenuation  of  g  rms  levels  b*  as  much 
as  19  to  1  were  reported  from  che  eg  of  the 
vehicle  to  the  eg  of  the  missiie?. 


155 


As  predicted  by  design  analyses,  the  data 
of  Figure  8  shows  that  the  suspension  system 
attenuated  short  period  shock  such  as  30g-5  ms 
and  dSg-10  ms,  to  less  than  7g  on  the  launcher 
and  missiles. 

The  decreasing  shock  isolation  effectiveness 
as  vehicle  shock  input  durations  increase  can  be 
clearly  seen  on  Figure  8.  Since  vehicle  shock 
levels  decrease  as  durations  increase,  launcher 
missile  shock  levels  are  in  all  cases  below 
limit  load  conditions  used  for  design  of  launcher 
and  missile  attachment  hardware. 

STRUCTURAL  DESIGN  LOADS 

Simultaneous  shock  in  various  directions  on 
the  launcher  missile  assembly  were  analyzed 
over  most  severe  bumps  at  Bedford,  Fort 
Devens,  Donna  Anna  and  the  Perryman  3  course 
at  APG  for  use  in  establishing  structural  design 
loads. 


Fig.  ?  -  Typical  SPH  Vibration  Data  at 
30  mph 

SHOCK  RESPONSE 

Acceleration  data  measured  at  frequencies 
up  to  i  kHz,  over  prepared  and  rough  terrain 
courses  previously  described,  show  very  effec¬ 
tive  isolation  of  short  period  shock  inputs  from 
the  launcher  and  missiles. 

Peak  shock  results  or.  the  vehicle  and 
launcher  missile  assembly  measured  on  all 
courses  are  plotted  in  Figure  8.  The  shock  data 
plotted  are  single  higr.ust  peaks  at  various  half 
sine  durations  reflected  back  in  the  zero  accel¬ 
eration  baseline. 


Fig.  8  -  SPH  Shock  Data 


The  Perryman  3  profiles  shown  i  1 1  igure  5 
a  re  typical  of  bumps  used  for  detailed  shock  load 
analyses.  Durations  of  the  launcher  missile 
shock  considered  applicable  for  structural  loads 
were  generally  between  40  and  200  ms. 

The  oscillograms  of  Figures  9  and  10  show 
simultaneous  shock  resulting  from  traversing 
two  of  the  most  severe  bumps  in  the  Perryman 
3  course  at  so-called  maximum  safe  driving 
speeds. 

The  oscillogram  of  Figure  9  is  used  as 
follows  to  illustrate  the  engineering  approach 
used  in  analyzing  detailed  shock  signatures  for 
simultaneous  loads.  A  peak  down  vertical 
inertia  load  cf  6.8g  occurred  on  the  right  rear 
launcher  shaft  above  the  mount.  Lower  down 
loads  occurred  however,  above  the  other  launcher 
shafts  and  at  the  B  missile  aft  support  boom, 
such  that  the  maximum  simultaneous  down  load 
on  the  launcher  missile  assembly  averaged  5g. 
Simultaneous  loads  in  other  directions  were 
2.  5g  aft  at  the  B  missile  aft  boom,  0.  Sg  trans¬ 
verse  at  the  launcher  shafts  and  only  0. 2g 
transverse. 

The  above  simultaneous  shock  loads  are 
well  below  combined  limit  loads  used  for  struc¬ 
tural  design.  A  combination  of  the  peak  shock 
levels  in  various  directions,  which  occur  at 
slightly  different  times  than  the  simultaneous 
shock  values,  were  also  well  below  the  limit 
load  criteria. 

A  summary  of  simultaneous  loads  deter¬ 
mined  over  the  sixteen  most  severe  bumps 
encountered  in  the  Perryman  3  coarse  is  con¬ 
tained  in  Table  1.  The  bumps  were  most  severe 
from  the  standpoint  of  resulting  accelerations 
due  to  a  combination  of  bump  size,  higher  speeds 
and  driving  technique.  It  is  seen  Butt  although 
local  shock  in  single  directions  approaches 
limit  load  levels,  combined  loads  are  in  all 
cases  less  severe  than  the  structural  design 
criteria. 
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Simultaneous  shock  signature  analyses  plus 
the  following  statistical  studies  confirmed  the 
SPH  design  limit  lord  criteria  listed  below  as 
adeauate  for  afrrtiofrural  design  purposes 


Vertical  down 
Vertical  up 
Longitudinal 
Transverse 


Combined  Unidirectional 
7.5g  8g 

1.5g  Zg 

±4. 5g  ±6g 

±3g  ±4. 5g 


The  above  vertical  down  factors  include  the 
lg  static  load  and  the  up  factors  represent  actual 
dynamic  up  inertia  loads  of  l.  5g  and  3g. 
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Fig.  9  -  Simultaneous  Loads  Analysis 
Bumr  8 


TABLE  1 

Simultaneous  Loads  on  Perryman  3  Course 
Over  16  Most  Severe  Bumps 
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Fig.  10  -  Simultaneous  Loads  Analysis 
Bump  3 


STATISTICAL  SHOCK  ANALYSES 

Shock  data  measured  over  the  Perryman  3 
course  at  maximum  safe  driving  speeds  was 
statistically  analyzed  by  means  of  the  UN1VAC 
1108  computer. 

The  shock  data  used  for  statistical  analyses 
consisted  of  peak  longer  period  shock  measured 
over  specific  bumps,  such  as  the  shock  data  of 
about  40  to  ZOO  ms  duration  used  for  simultan¬ 
eous  loads,  see  Figures  9  and  10. 

Statistical  analyses  of  the  large  amount  of 
shock  data  obtained  over  the  Perryman  3  course, 
at  severe  driving  conditions,  was  considered  of 
primary  significance  in  confirming  structural 
design  loads. 

Shock  peaks  on  major  elements  such  as  Che 
missiles,  launcher  and  vehicles,  in  principal 
directions,  were  first  treated  using  a  standard 
statistical  program  to  find  the  arithmetic  mean, 
standard  deviation  and  probability  distribution  of 
tho  data  collection.  The  most  convenient  form. 
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HUWCVCr,  9HUC  moat  niiuCk  data  Cat  lif  Cutaiu* 

ered  symmetrical  about  zero,  used  a  mean 
value  of  OG  and  the  Grms  or  !a  value  as  the  root 
mean  square  of  the  shock  peaks. 

Examples  of  the  later  approach  are  shown 
in  Figures  II,  Id  and  13  for  the  vehicle  spons- 
ons  below  the  mounts,  the  launcher  shafts  above 
the  mounts,  and  the  missiles,  all  in  the  vertical 
down  direction. 


Fig.  13  -  Statistical  Shock  Loads  Analyses 
Missiles  Vertical  Down 

The  probability  jf  reaching  high  values  such  as 
3 a  appear  somewhat  less  than  in  a  standard  dis¬ 
tribution. 

The  following  table  indicates  Grms  (lo) 
levels,  the  peak  shock  measured  and  its  corre¬ 
sponding  no  value  for  elements  of  greatest 
interest. 


Fig.  1 1  -  Statistical  Shock  Loads  Analyses 
Spoil  sons  Vertical  Down 


Fig.  12  -  Statistical  Shock  Leads  Analyses  - 
Shafts  Vertical  Down 

The  statistical  probability  curves  on  Fig¬ 
ures  11,  12  and  13  are  typical  of  all  shock  data 
treated  in  this  manner.  The  s'.ape  of  the  curves 
at  higher  shock  levels  is  more  similar  to  a 
standard  than  a  Rayleigh  type  distribution, 
which  are  shown  on  the  figures  for  comparison. 


la 

Grms 

Peak  G 

na 

Ail  missiles  vertical 
down 

2.48 

6.0 

2.12 

All  missiles  vertical 
up 

1.13 

i.9 

1.51 

All  missiles  trans¬ 
verse 

2.14 

4.6 

2.17 

All  missiles  long¬ 
itudinal 

1.86 

3.7 

1.97 

Vehicle  sponsons 
below  mounts 

6.02 

13.8 

2.30 

Launcher  shafts 
above  mounts 

2.42 

6.7 

2.79 

The  above  tabulation  shows  that  peak  shock 
measured  was  below  structural  design  criteria 
levels.  The  peak  no  values  are  also  below  the 
3s  level  indicating  that  3o  loads  should  generally 
represent  a  conservative  approach  in  designing 
for  severe  rough  terrain  mobility.  Care  must 
be  taken  in  using  this  approach  for  load  criteria, 
however,  to  convert  data  measured  locally  at 
all  locations  on  a  major  element,  such  a*  plot¬ 
ted  in  Figures  il,  12  and  13,  to  overall  loads 
on  the  element  acting  in  the  manner  used  for 
structural  analyses. 

Further  more  detailed  statistical  studies 
of  the  SPL  shock  data  obtained  at  Aberdeen  Prov¬ 
ing  Ground  are  planned  in  connection  with  an 
improved  version  of  the  system  currently  under 
development. 
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The  SPL  secondary  suspension  system 
satisfactorily  protected  the  launcher  and  mis¬ 
siles  from  excessive  vehicle  vibration  and 
shock  during  most  severe  engineering  and  qual¬ 
ification  test  mobility  conditions. 

Early  mobility  tests  of  actual  hardware  are 
of  primary  value  during  development  of  tracked 
vehicle  secondary  suspension  systems  to  posi¬ 
tively  establish  payload  response  characteristics. 
Design  analyses  should  be  thoroughly  conducted, 
in  consideration  of  the  known  environment,  to 
insure  a  properly  engineered  system  for  test 
evaluation.  Computer  simulations  are  valuable 
in  insuring  adequate  knowledge  of  significant 
dynamic  behavior. 

Design  limit  loads  at  Za  values  over  longer 
period  Crms  shock  levels,  measured  over  a 
variety  of  representative  rough  terrain  such  as 
the  Perryman  3  course  at  APG  appear  reason¬ 
able  for  structural  design.  An  adequate  statis¬ 
tical  sampling  must  be  obtained,  however,  using 


typical  driving  speeds  and  techniques  approach¬ 
ing  the  limit  of  driver  capability.  Overall  as 
well  as  local  loads,  should  be  treated  statistic¬ 
ally  along  paths  used  for  structural  analyses. 
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